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FOREWORD 


This  Technical  Documentary  Report  summarizes  the  research  on 
solar  radiation  simulation  for  a  large  Aerospace  Environmental 
Chamber  from  November  19hl  to  January  1962  under  Contract 
AF  40(600)-951. 

The  research  was  conducted  by  Vitro  Laboratories,  Division  of  Vitro 
Corporation  o£  America,  West  Orange,  N.  J.  as  Prime  Contractor, 
and  the  Farrand  Optical  Company,  Inc.,  New  York,  N.  Y. ,  as  Sub¬ 
contractor. 

Vitro  Laboratories  personnel  who  participated  in  the  research  and  in 
the  preparation  of  the  report  are  C.  D.  Fitz,  Head,  Physics  and  Space 
Science  Dept.  ,  W.  A.  Jaatinen,  and  D.  L.  Rothacker.  Farrand 
Optical  Company  personnel  were  R.  H.  Bull,  M.  A.  Dachs,  and 
M.  Shenker. 

This  report  has  been  assigned  Vitro  Laboratories  Report  No. 
VL-2244-6-0.  It  represents  a  continuation  of  work  described  in 
Technical  Note  No.  1,  VL-2244-3-0. 
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ABSTRACT 


Studies  and  tests  performed  to  establish  the  feasibility  of  solar  simulation 
systems  for  an  environmental  chamber  are  reported.  Performance  ob¬ 
jectives  for  the  chamber  and  other  solar  simulator  systems  have  been  de¬ 
lineated  and  compared. 

The  earlier  survey  of  radiation  sources  had  shown  that  short-arc  lamps 
have  sufficient  feasibility  for  this  application  to  warrant  further  critical 
testing.  Tests  were  initiated  on  several  sources  of  this  type  including 
the  10-kw  xenon  lamp,  the  2.  5-kw  xenon-mercury  lamp  and  the  fluid- 
transpiration  arc  source.  The  spectral  energy  distribution,  radiant  ef¬ 
ficiency,  polar  diagram,  intensity  and  uniformity  as  well  as  size  and 
shape  of  the  radiating  medium  under  several  conditions  for  each  radiant 
source  are  being  examined.  More  energy  in  line  spectra  was  detected 
than  had  previously  been  reported.  The  lO-kw  lamp  had  excessive  radiant 
energy  relative  to  the  solar  spectrum  in  the  near  infrared  range.  This 
energy  must  be  reduced  by  filters.  A  deficiency  of  energy  also  relative 
to  the  solar  requirement  was  noted  in  the  range  below  0.  6  microns.  The 
influence  of  quartz  envelope  adsorption,  envelope  blackening,  optical  sys¬ 
tem  reflectivities,  detector  fatigue,  and  standard  source  calibration  on 
this  deficiency  is  under  evaluation. 

A  reference  module  optical  system  concept  based  upon  three  and  one  half 
on-axis  reflectors  is  examined.  Ray  tracing  techniques  are  applied  to 
determine  the  collimation  and  uniformity  obtainable  with  an  ideal  short-arc 
source,  and  optical  efficiencies  of  the  several  components  are  examined. 
After  determination  of  the  module  efficiency,  the  number  of  molecules  re¬ 
quired  to  illuminate  the  chosen  test  area  and  the  amount  of  power  required 
for  operation  can  be  simply  determined.  Preliminary  studies  of  the  stability 
of  simulator  materials  in  the  nuclear  radiation  environment  of  the  chamber 
are  also  reported.  In  addition,  the  multiple  source  concept  supplying  a 
single  collimator  and  the  problems  associated  with  refracting  vs  reflecting 
elements  are  analyzed. 
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I.  INTRODUCTION 

The  research  described  in  this  report  has  been  performed  on  Contract  No. 

AF  40(6001-951  by  Vitro  Laboratories  and  Farrand  Optical  Company,  Inc. 

The  purpose  of  this  investigation  is  to  determine  the  feasibility  of  Solar  Simu¬ 
lation  techniques  for  the  space -environmental  facility  under  construction  by 
the  Arnold  Engineering  Development  Center. 


Technical  Note  No.  1  issued  November  10,  1961  discussed  the  initial  research 
on  this  project.  The  current  report.  Technical  Note  No.  2,  details  the  pro¬ 
cedures  and  results  of  subsequent  tests  made  by  Vitro  Laboratories  on  various 
radiation  sources  for  solar  simulation.  It  also  covers  the  optical  system  feasi¬ 
bility  studies  conducted  by  the  subcontractor,  Farrand  Optical  Company,  Inc. 

A.  SOLAR  SIMULATION 


In  the  region  of  space  in  the  vicinity  of  the  earth,  but  still  outside  the  earth's 
atmosphere,  the  characteristics  of  solar  radiation  are  considered  to  be  as 
follows: 

1,  Intensity  of  the  solar  constant  has  been  evaluated  by  Johnson’"  as  1396 
watts/meter*.  This  quantity  varies  by  ±3.4%  due  to  the  ellipticity  of 
the  earth  aro\uid  the  sun. 

2.  In  the  infrared,  visible,  and  ultraviolet  r^mge  down  to  2500  A,  the 
spectral  distribution  of  the  solar  radiation  closely  approximates  the 
radiation  from  a  6000 °K  black-body.  In  the  ultraviolet  rauige  from 
2500  A  down  to  1300  A  the  solar  radiation  nnay  be  better  approxi¬ 
mated  by  that  of  a  5000°K  black-body.  Although  the  energy  present 
in  the  spectral  range  below  2500  A  is  only  a  small  portion  of  the  total 
energy,  it  may  have  particularly  deleterious  effects  on  spacecraift 
material. 


*  Handbook  of  Geophysics,  Rev.  Ed. ,  United  States  Air  Force,  New  York: 
MacMillan,  I960,  p.  16- 18. 

Johnson,  F.S.,  "The  Solar  Constant",  Journal  Meteorology,  11:431,  1954 
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3.  Collimation  of  the  solar  flux  specifies  the  parallelism  of  the  rays  of 
emitted  radiation.  The  collimation  angle  or  the  angle  subtended  by 
the  sun  at  the  earth,  is  32  minutes. 

4.  Uniformity — there  is  of  course  no  variation  of  the  actual  solar  radia¬ 
tion  over  an  extended  area. 

B.  DESIGN  GOALS 


Exact  simulation  of  all  the  solar  characteristics  for  long  periods  of  time  over 
a  large  area  cannot  be  considered  technically  or  economically  feasible.  Some 
variations  or  tolerances  must  be  allowed  in  order  to  bring  the  design  and  con¬ 
struction  of  the.  solar  sim\Uator  within  the  projected  technical  state  of  the  art 
and  within  allowable  costs.  For  the  anticipated  applications  of  the  projected 
environmental  facility  the  following  design  goals  were  selected: 

1.  Beam  Size  and  Orientation 

A  beam  of  artificial  sunlight  covering  the  selected  area  is  to  be  displayed 
vertically  upon  the  maneuver  sphere.  The  radiation  intensity  is  to  be  uni¬ 
form  with  respect  to  depth  inside  the  test  volume. 

2.  Intensity 

A  tolerance  of  ±3%  is  to  be  allowed  on  the  solar  constant  of  1396  watts/meter^. 

3.  Spectral  Distribution 

Allowable  tolerances  on  the  quality  of  the  energy  intensity  within  the  solar 
spectral  range  are  indicated  in  Table  I. 

TABLE  I 

SPECTRAL  RANGE  TOLERANCES  FOR  SOLAR  SIMULATION 


Spectr.*^!  Range 

Bandwidth 

Tolerant 

2. COO  -  30,000  A 

200  A 

±ZQ% 

2,000  -  8, 000  A 

2,000  A 

±  8% 

8,000  -  20,000  A 

3,000  A 

±  8% 

20,000  -  30,000  A 

5,000  A 

±  8% 
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4.  CoUimation 

The  collimation  angle  is  to  be  held  as  close  to  the  32  minute  angle  as  can  be 
technically  and  economically  provided. 

5.  Uniformity 

Incident  radiation  on  any  4-inch  diameter  area  should  not  vary  by  more  than 
±5%  from  any  other  similar  area  in  the  beam. 

6.  Unattended  Operating  Time 

Since  nuclear  equipment  will  probably  be  tested  in  the  environmental  chamber 
at  a  later  date,  the  solar  simulation  should  be  capable  of  operating  for  at  least 
116  hours  without  attention,  source  replacement,  or  optical  adjustment.  If 
this  design  goal  proves  too  restrictive,  it  may  be  necessary  to  relax  the  un¬ 
attended  operating  time  at  least  for  the  earlier  period  of  the  simulator's  use. 

7.  Energy  Economy 

The  size  of  the  irradiated  region  and  the  problems  related  to  energy  removal 
require  conservation  of  radiant  energy  and  close  attention  to  the  efficiency 
of  the  radiant  source  aund  components  of  the  optical  system. 

8.  Other  Chamber  Conditions 

The  design  of  the  solar  simulator  is  also  influenced  by  the  requirements  placed 
on  the  other  environment  characteristics.  These  include: 

a.  Vacuum 

Down  to  10"’  Torr  with  brief  overpressures  to  37.  5  psig  during  which  no  radia¬ 
tion  collimation  is  required.  A  guard  vacuum  is  to  be  maintained  at  all  points 
between  chamber  walls,  therefore  all  windows  must  be  in  pairs. 

b.  Temperature 
From  SO'K  to  SOO'K. 

c.  Nuclear  Rhdiation 

Gamma  flux  of  1. 5  x  lO**  Mev/cm*/sec.  Fast  neutron  flux  of  7  x  10^*  on'/cm^/sec. 
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Tables  II  and  III  present  the  gamma  leakage  and  neutron  leakage  flux  which 
may  be  expected  in  a  hypothetical  3  Mw  reactor  under  test  in  the  chamber. 

Table  IV  provides  a  comparison  of  the  performance  objectives  of  the 
environmental  facility  with  the  performance  objectives  of  othe:.  facilities. 

C.  OBJECTIVES  OF  CURRENT  STUDIES 

As  a  first  phase  of  these  research  studies  Vitro  Laboratories  and  Farrand 

Optical  Company,  Inc.  ,  were  to  accomplish  the  following: 

1.  Conduct  a  literature  search  on  methods  to  produce  a  high  degree 
approximation  of  intensity,  uniformity  and  collimation  of  fluxes 
from  radiation  sources  having  spectrum  characteristics  similar 
to  solar  radiation. 

2.  Survey  the  characteristics  of  available  radiation  sources  and  new 
concepts  of  sources  suitable  for  producing  the  required  radiation, 
conduct  studies  and  perform  computations  to  establish  feasibility  of 
simulation  and  applicability  of  considered  sources  to  a  space  environ¬ 
ment  simulation  chamber. 

3.  Perform  laboratory  tests  on  promising  sources  as  determined  by  the 
previous  studies.  Objective  of  these  tests  was  to  be  the  determination 
of  spectral  distribution  and  brilliance  within  the  spectral  range  of 
interest  as  fwctions  of  angular  position,  power  input,  and  operation 
time.  Also  to  be  determined  were  the  stability  and  energy  conversion 
efficiency  at  different  power  levels  and  after  different  operation  periods. 

4.  Conduct  analytical  studies  and  computations  on  intensity  distribution 
patterns  to  be  obtained  from  flux  superpositions  or  combinations, 
from  patterned  filtering  and/or  from  other  concepts.  Establish  para¬ 
meters  which  determine  the  degree  of  intensity,  uniformity,  atnd 
collimation  of  the  combined  total  flux.  Determine  the  relative  im¬ 
portance  of  the  effects  of  parameters  like  distances,  spread  angles, 
array  patterns  of  sources,  filters,  Fresnel  panes,  mirrors,  etc. , 
number  of  sources  per  unit  area,  directional  intensity  characteristic 
of  the  source -reflector  ututs  which  produce  one  dimensionally  colli¬ 
mated  fluxes  (tubular  light  bulbs  in  parabolic  cylinder  reflectors), 
etc.  Study  possible  required  corrections  on  the  border  area  of  the 
radiated  field  in  order  to  maintain  highly  constant  intensity  up  to  the 
boundary  of  the  useful  portion  of  the  flux  and  minimize  the  vmused 
portion  which  bypasses  the  test  article. 
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TABLE  II 

GAMMA  LEAKAGE  FLUX  FROM  HYPOTHETICAL  3 -MW  REACTOR 

Flux  at  Chamber  Wall 

Energy  (Mev)  (Photone/cm^-eec) 

(a)  Epithermal 


10 

5.7  X  10‘ 

8 

1.4  X  10’ 

5.5 

2.  7  X  10’ 

3.5 

7.3  X  10* 

Fast 

4.7 

5.6  X  10’ 

2.9 

1.5  X  10* 

1.75 

3.3  X  10* 

1.0 

2.  1  X  10» 

0.35 

1.6  X  10* 

4.7 

2.8  X  10’ 

2.9 

7.5  X  10’ 

1.75 

1.6  X  10* 

1.0 

1.  1  X  10* 

0.35 

8.0  X  10’ 
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TABLE  m 

NEUTRON  LEAKAGE  FLUX  FROM  HYPOTHETICAL  3- MW  REACTOR 

Flux  at  Chamber  Wall 
(ii/cm*-eec) 


Enersy 

Epithermal 

Fast 

Advanced  Fast 

3-10  Mev 

4. 0  X  10^ 

7. 9  X  10’ 

3.9  X  10’ 

1.4-3  Mev 

1.3  X  10* 

2.3  X  10* 

1.4  X  10* 

.9  -  1.4  Mev 

6.8  X  10’ 

9. 3  X  10’ 

5.0  X  10’ 

.  4  -  .  9  Mev 

9.9  X  10’ 

1.9  X  10* 

1. 1  X  10* 

.  1  -  .  4  Mev 

1.2  X  10* 

2.4  X  10* 

00 

17  -  100  Kev 

9. 1  X  10’ 

1.4  X  10* 

X 

o 

m 

3  -  17  Kev 

7.3  X  10’ 

5. 7  X  10’ 

9.  5  X  10’ 

.55-3  Kev 

5.9x10’ 

2.2  X  10’ 

5.6  X  10’ 

100  -  550  Ev 

5. 1  X  10’ 

8. 1  X  10‘ 

3. 1  X  10’ 

30  -  100  Ev 

3,2  X  10’ 

2.5  X  10* 

1.3  X  10’ 

10  -  30  Ev 

2.8  X  10’ 

1.0  X  10* 

7.9  X  10* 

3  -  10  Ev 

2.8  X  10’ 

5. 1  X  10» 

5.2  X  10* 

1  -  3  Ev 

2.3  X  10’  , 

2.2  X  10* 

3.0  X  10* 

.4  -  1  Ev 

1.8  X  10’ 

9.4  X  10* 

1.7  X  10* 

.  1  -  .4  Ev 

2.3  X  10’ 

5.2  X  10* 

1.4  X  10* 

0  -  .  1  Ev 

6.  5  X  10’ 

4.2  X  10* 

1.9  X  10* 
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TABLE  IV 

PERFORMANCE  OBJECTIVES 


Character  iatic 


AEDC 

Chamber 


AEDC*^^ 
Mark  I 


G.  E. 


(2) 


J.  P.  L. 


(3) 


Uniform  intantlty  to  b«  providad 
ovar  dapth  <rom  antranca  win¬ 
dows,  (foat) 


Min. 

Max. 

3-1/2 

36-1/2 

29 

Araa  to  ba  irradiatad,  (Sq.  Foot) 
Dimansions,  (Faat) 

ISl 

9-1/2  X  33 

314 

20  Dia. 

176 

IS  Dia. 

Nuclaar  Radiation  in  chambar 

Saa  Tablas 

UandlU 

Distanca  <rom  tank  wall  to  sourca 
of  Nuclaar  Radiation,  (Faat) 

40 

Chambar  Praasura,  Min.(Torrs) 
Max.(Paia) 

10*’ 

37.9 

Chambar  Tamparstura,  Min. 

Max. 

S0*K 

900'K 

Continuous  Opsrating  Tinss, 

(HoursV 

Systam  Unattandad,  Mia. 

Par  Lamp,  Attandad,  Min. 
Systam  Attandad,  Max. 

116 

4400 

24 

CoUimation,  antira  anargy 

90%  of  onargy 

al6' 

al* 

02* 

a4.S’ 

a2.2S* 

Total  onargy  incidant  on 

4  in.  dia. 

3  cm  dia. 

1  sq.  ft. 

shall  not  vary  by  mora  than 
from  total  onargy  on  any  othar 
sirailar  araa  within  irradiatad 
araa  spacifiad 

9% 

9% 

*% 

10% 

Total  intagratod  onargy 
hatwaan 

A  min. 

A  max. 

shall  ba  within 

of  Solar  onargy  (watts  sq.  ft. ) 

2,000 

30, 000 

*3% 

127. 17 

2,000 

39,000 

as% 

130 

2,000 

30, 000 

as.  4% 

130 

(1)  Construction  SpacUication  for  Aarospaca  Simulator  Mark  1,  USAF  Spacili- 
cation  6B-1  IS  March  ISSli  ravisad  9  Octobar  1961. 

(2)  'Dasign  Solution  for  a  Spaca  Eavironmant  Simulator*  Colhard,  John  C.  and 
Mayor,  S.  Wayland,  Ganoral  Elactric  Company,  I.E.S.  Procaadlnga,  1961, 
pp.  339  -  347. 

(3)  Conforanco  at  Jot  Propulaioo  Laboratory  on  16  Octobar  1961. 
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TABLE  IV  -  (CONT‘D. ) 

AEDC  AEDC 

Characteristic  Chamber  Mark  I  G.  E. 


Tout  intsgratad  •n*r|y  in  any 
band  of  Hated  A  width,  batwaan 
Hated  A  limit! ,  ahaU  aqual 
anargy  in  corraaponding  aolar 
band  within  Hated  tolaraneaai 

Bandwidth 
Limit  Uin. 

Limit  Max. 

Tolaranca 

Bandwidth 
Limit  Min. 

Limit  Max. 

Tolaranca 

Bandwidth 
Limit  Min. 

Limit  Max. 

Tolaranca 

Bandwidth 
Limit  Min. 

Limit  Max. 

Tolaranca 

Bandwidth 
Limit  Min. 

Limit  Max. 

Tolaranca 

Bandwidth 
Limit  Min. 

Limit  Max. 

Tolaranca 

Bandwidth 
Limit  Min. 

Limit  Max. 

Tolaranca 

Bandwidth 
Limit  Min. 

Umlt  Max. 

Tolaranca 

Bandwidth 
Limit  Min. 

Limit  Max. 

Tolaranca 

Bandaridth 
Limit  Min. 

Limit  Max. 

Tolaranca 

Radiation  to  ba  prejaeted 


200  SOO  500 

2,000  2,000  2,000 

10, 000  4, 000  2,  500 

020%  Ol0%  015% 

2,000  1000  SOO 

2,000  4,000  2,500 

8,000  12,000  3,100 

o  t%  05%  Ol0% 

1, 000  2, 000  TOO 

8,000  12,000  1,300 

20, 000  35, 000  4, 000 

aS%  410%  410% 

5,000  1,000 

20, 000  4,  000 

30,000  5,000 

48%  411* 

2,  000 
5,000 
T.OOO 

410% 


1,000 

7,000 

8,000 

410% 

1,000 

8,000 

9,000 

410% 

2,000 

9,000 

11,000 

410% 

4,000 
11,000 
15, 000 

415% 

10, 000 
20, 000 
30, 000 

415% 

Vart.  Horia.  Vart. 


J.P.L. 


Nona 


Vart. 
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D.  SCOPE  OF  REPORT 

The  literature  search  has  resulted  in  a  comprehensive  bibliography  of  published 
literature  and  reports  pertinent  to  radiation  sources  and  associated  optical  design. 
This  bibliography  was  presented  in  Technical  Note  No.  1 . 

The  results  of  the  survey  of  available  radiation  sources,  sources  under  develop¬ 
ment,  and  concepts  for  new  sources  were  also  reported  in  Technical  Note  No.  1. 
Certain  additional  information  is  presented  in  this  report. 

As  indicated  in  the  previous  technical  note,  short-arcs  were  selected  as  most 
appropriate  for  further  investigation  and  testing.  The  primary  purposes  of 
Technical  Note  No.  2  is  to  describe:  (1)  the  laboratory  tests  being  made  to 
determine  to  what  extent  these  areas  meet  the  requirements  of  the  chamber 
solar  simvilator  (Section  II),and  (2)  the  associated  preliminary  design  of  optical 
equipment  (Section  II). 


I 


I 
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II.  RADIATION  SOURCE  INVESTIGATION 


As  indicated  in  Technical  Note  No.  1,  a  preliminary  survey  of  sources  revealed 
that  for  the  complex  requirements  of  the  of  the  facility,  short>arc  type  lamps 
exhibited  sufficient  feasibility  to  warrant  further  critical  evaluation.  Further¬ 
more,  sources  of  this  type  have  been  developed  and  used  as  prime  sources  of 
intense  light.  They  are  currently  available  in  sizes  up  to  10  kw,  and  with 
various  gas  environments  (primarily  xenon  and  xenon-mercury).  Scale-up 
to  20-kw  power  levels  is  expected  within  the  next  12  months.  In  addition, 
development  work  is  in  progress  to  increase  the  operational  life  of  these  lamps 
by  decreasing  the  electrode  deposition  on  the  envelopes.  However,  aside  from 
photometric  characteristics,  very  little  reliable  information  was  available  on 
these  lamps.  In  order  to  characterize  these  sources  more  extensively  and  to 
determine  their  applicability  to  solar  radiation  simulation,  several  of  the 
lamps  were  tested. 

The  source  tests  were  divided  into  two  groups.  The  first  group  include  tests 
of  the  source  properties  which  determine  directly  the  performance  of  any 
optical  system  incorporating  the  source,  as  well  as  tests  of  source  character¬ 
istics  important  to  the  optical  design.  The  spectral  distribution,  total  radiant 
energy  output,  intensity  and  uniformity  of  the  radiation,  size  and  shape  of  the 
source,  and  the  spatial  radiation  distribution  are  characteristics  pertinent  to 
the  nature  and  geometry  of  the  source. 

In  the  second  group  of  source  tests  are  tests  of  the  operating  properties.  These 
operating  properties  eventually  determine  the  reliability,  cost,and  operational 
complexity  of  the  system.  Characteristics  related  to  the  operation  of  the  source 
include  stability  or  flickering,  time  to  stabilize  the  source  after  startup,  dimin¬ 
ution  of  radiant  output  with  riuming  time,  cooling  requirements,  variation  of 
source  size  during  operation,  and  variation  of  spectral  output  with  time.  This 
latter  group  of  tests  has  not  as  yet  been  completed. 
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A.  TEST  PROCEDURES 

1.  Spectral  Energy  Distribution 

A  double  beam  recording  spectrophotometer  was  used  to  obtain  the  spectral 
energy  distribution  of  various  sources.  This  instrument  can  be  operated  on 
either  a  single  or  double  beam.  Both  methods  of  operation  were  considered 
and  tested.  It  was  found  that  the  double  beam  method  was  more  convenient, 
since  calibration  of  the  energy  detectors  as  required  in  the  single  beam 
method  could  be  eliminated.  Figure  1  shows  the  major  items  of  test  equip¬ 
ment.  The  operation  and  theory  of  the  double  beam  spectrophotometer  is 
described  in  Appendix  A. 

2.  Total  Radiated  Power 

The  total  power  radiated  by  a  source  is  measured  with  a  thermopile.  The 
thermopile  measures,  F,  the  power  radiated  to  a  square  cm  of  area  at  a  fixed 
distance  from  the  test  source.  Figure  2  shows  the  test  source  in  a  spherical 
coordinate  system.  The  axis  of  the  source  is  placed  along  the  z  axis.  The 
thermopile  is  placed  at  a  constant  value  of  the  radius  r,  and  readings  are  taken 
at  various  values  of  9  .  The  source  is  assumed  to  have  (j>  symmetry.  The  total 
power  radiated  by  the  source  for  a  compact  short  arc  under  these  conditions 
can  be  obtained  from  the  following  equations: 


Total  Power  =  \  \  F(r,0)  r*  sin  0d  0d<t>  (r  =  constant) 

Jo  Jo 

IT 

Total  Power  =  2ir  C  ir  F(r,  0)  r*  sin  0d0  (r  =  constant) 


For  example,  with  a  fluid-transpiration  arc  source  placed  with  the  anode  face 
in  the  x-y  plane  and  with  the  direction  of  the  fluid  jet  pointing  in  the  positive 
z  direction,  the  total  power  (assuming  (|>  symmetry)  is  calculated  as: 
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Fig.  1  Apporotu*  for  Maataring  Sptctrpl  Energy  Distrikution 
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Total  Power 


Total  Power 


F(r,  6)  r*  ein  0d  Od^ 


F(r.  6)  X*  ein  ede 


A  crosfcheck  of  thermopile  and  spectrophotometer  measurements  can  be 

made  by  (1)  evaluating  the  integral  dX.,  from  the  spectrophotometer 

measurements  which  yields  the  total  power  radiated  per  unit  solid  angle  for 
some  given  value  of  6,  and  (2)  calculating  the  power  radiated  per  unit  solid 
angle  for  the  same  value  of  6  from  the  thermopile  measurements.  In  the 
latter  case 


total  power 
solid  angle 


F(milliwatts  /cm^) 

nt 


where: 


Ot  = 


1  cm* 

*  (cm) 


is  the  solid  angle  intercepted  by  the  thermopile.  Both  of  these  measurements 
should  give  the  same  value  of  the  power  radiated  per  solid  angle. 

3.  Uniformity  and  Intensity  of  Source 

The  absolute  intensity  and  the  uniformity  of  intensity  in  the  radiating  source 
are  important  to  the  design  of  any  optical  systein.  To  a  _ 

ultimate  performance  obtainable  from  a  system  is  controUed  by  the  departure 
of  the  source  from  a  theoretical  uniform  point  source. 

A  good  estimate  of  the  intensity  and  variation  of  intensity  in  a  source  be 
obtained  from  photometric  measurements  of  brightness  and  corresponding 
brightness  contour  maps.  Although  these  photometric  values  are  rneasured 
in  terms  of  candle  power  and  are  restricted  to  the  visible  portira  of  the  spec¬ 
trum.  it  may  be  assumed  that  any  variation  of  photometric  bri^tness  in  a 
source  also  implies  a  similar  variation  of  absolute  intensity.  However,  tbs 
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two  quantities,  photometric  brightness  and  absolute  intensity,  are  not  directly 
comparable  unless  the  source  is  a  black  or  gray  body. 

Brightness  values  are  obtained  by  measuring  the  light  density  in  candles  per 
square  millimeter  actually  emitted  by  the  source  surface .  As  shown  in 
Figure  3,  a  magnified  image  of  the  source  is  displayed  on  a  convenient  plot¬ 
ting  board,  and  sections  of  the  image  are  scanned  with  a  photocell.  For  a 
particular  optical  system,  the  brightness  of  the  source  is  related  by  the  usual 
formula) 


B 


4ES* 

Tit  R* 


where: 

B 

S 

T 

R 

E 


source  brightness  candles /mm*, 
image  distance  in  feet, 
transmission  of  the  optics  in  the  system, 
radius  of  the  aperture  in  millimeters, 
illumination  in  foot-candles. 


4.  Size  and  Shape  of  Source 

The  size  and  shape  of  the  10-kw  xenon  lamp,  2.  5-kw  xenon-mercury  lamp, 
and  the  argon  fluid-transpiration-arc  sources  were  obtained  by  photographing 
them  while  in  operation.  The  cross-sectional  area  and  shape  were  then  ob¬ 
tained  from  the  photographs  by  a  planimeter. 
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PI9.  3  BrightiMat  Scanning  Sytttm  with  Controllar 
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B.  TEST  RESULTS 

Preliminary  teat  reaiilts  have  been  obtained  for  three  short  arc  sources: 
the  lO-kw  xenon  lamp,  the  2. 5-kw  xenon-mercury  lamp  and  the  fluid-trans¬ 
piration  short-arc  source.  Preliminary  comparisons  and  matches  to  the 
solar  energy  distribution  were  also  made. 

1.  10 -kw  Xenon  Short -Arc  Lamp 

The  10-kw  xenon  short -arc  lamp^sed  for  these  tests  is  shown  in  Figure  4. 

This  lamp  was  tested  at  three  power  inputs,  7.  5,  10,  and  12.5  kw  resf>ec- 
tively,  in  order  to  determine  and  delineate  the  change,  if  any,  in  its  character¬ 
istics  as  the  power  was  increased.  These  tests  also  served  to  simulate  the 
actual  operating  conditions  under  which  this  type  of  lamp  would  be  required 
to  maintain  constant  output  over  extended  periods  of  time.  Figure  5  illustrates 
the  size  and  shape  of  the  radiation  source  and  indicates  the  effects  of  increased 
input  power. 

a.  Spectral  Energy  Output 

The  techniques  described  in  the  previous  section  were  used  to  obtain  the  spec¬ 
tral  energy  measurements  of  the  10-kw  xenon  short-arc  lamp  at  the  three  input 
power  levels.  These  spectra  are  plotted  as  a  function  of  wavelength  in  Fig¬ 
ures  6,  7,  and  8.  The  solar  spectral  energy  curve  has  also  been  plotted  on 
these  curves  by  matching  the  energy  represented  by  the  solar  curve  to  the 
energy  represented  by  the  Xenon  curve  at  the  three  power  levels.  The  spectro¬ 
photometer  detector  bandwidths,  in  microns,  are  superimposed  on  the  spectral 
charts  to  indicate  the  sensitivity  of  the  measurement  at  any  particular  wave¬ 
length. 

The  detector  bandwidth  varies  through  the  whole  spectral  range  from  0.  2  to 
3.  Op.  The  narrowest  bandwidth  is  in  the  UV  region  from  0.  25p  to  0.  6p  and 
is  of  the  order  of  5  A.  Between  the  spectral  range  0. 6  to  0. 8p,  the  bsmdwidth 
increases  from  5  A  to  80  A  and  in  the  IR  from  0. 8  to  2.  5p,  the  bandwidth 
remains  at  approximately  90  A.  Beyond  2. 5p,  the  bandwidth  increases 
rapidly  to  approximately  600  A  at  3.  Op.  Generally,  the  bandwidth  remains 
small  enough  to  trace  out  the  majority  of  important  spectral  lines  to  allow  a 
critical  comparison  with  the  solar  spectral  curve.  However,  even  at  the 
smallest  bandwidth  of  5  A,  the  profiles  of  individual  spectral  lines  (usually 
1  to  2  A  wide)  cannot  be  traced. 


*  Duro-Test  Corp. ,  North  Bergen,  New  Jersey. 
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Pif.  4  lO-KW  Xmm  Sli«rt*Arc  Lamp 
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Fig.  6  Spectral  Eiiargy  Distribvticn -  Xanon  Sowrea  at  7.4^KW  Input  Laval 
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Fig*  8  Spvctral  Eiwrgy  Distribwtim-XMon  Source  at  12.5-KW  Input  Lovol 
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It  will  be  noted  that  considerably  more  line  spectra  are  present  than  has  been 
reported  in  manufacturer's  data.  A  rapid  attenuation  of  intensity  below  0.6|x 
is  adso  noted.  Similar  attenuation  is  also  noted  for  the  other  short-arc  sources 
tested.  Data  in  the  spectral  ranged  25  tod4^,  for  a  low-powered  xenon  short- 
arc  lamp  (500w),  obtained  by  Baum  and  Ounkelmann’i'  indicate  a  UV  con¬ 
tinuum  with  considerably  more  intensity.  The  measured  values  are  being 
re-examined  to  determine  the  extent  of  qxiartz  absorption,  envelope  blackening, 
mirror  systems  reflectivity  and  standard  source  calibration  in  the  UV. 

b.  Spectral  Match 

The  match  of  the  spectral  energies  obtained  for  the  10-kw  xenon  lamp  operat¬ 
ing  at  three  power  levels  is  shown  in  Figures  9,  10,  and  11.  The  percent 
deviation  from  the  maximum  or  minimum  allowable  tolerance  within  the  indi¬ 
cated  successive  bandwidths  is  shown  in  Table  V. 

TABLE  V 

ACTUAL  VS  ALLOWABLE  SPECTRAL  DEVIATIONS 
FOR  XENON  LAMP  AT  10.  l-KW POWER  LEVEL 

Actual  Deviation 

Spectral  Bandwidth  Allowable  Tolerance  from  Allowable  Tolerance 


0.20  -  0.4^ 

±8% 

-96.  5% 

0.4  -0.6p 

N 

-5Z.8% 

0.6  -  0.8hi 

II 

within  tolertmce 

0.8  -  1.  l\i. 

n 

+99. 5% 

1.  1  -  1.4)1 

II 

+24% 

1.4  -  1.7)1 

II 

+30.8% 

1.7  -2.0)1 

II 

within  tolerance 

2.0  -2.5p 

M 

within  toleramce 

2.5  -  3.0)1 

II 

+57% 

Baum,  W.  A.  and  Dunkelman,  L. ,  "Ultraviolet  Radiation  of  High  Pressure 
Xenon  Lamps  and  Arcs,  "  Optical  Society  of  America  Journal,  40,  No.  11, 
782-86  (November,  1950). 
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Fig.  11  Xcnon-Sourc*  Spactrum  at  12.5*KW  input  Powur  at  Campartd  to  Solar  Spoctrum 
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Above  0.  b^the  deviations  from  the  allowable  tolerances  are  all  positive  and 
will  require  filtering.  The  negative  deficiencies  below  0.  bpare  due  to  the 
UV  attenuation  mentioned  previously  and  will  be  reexamined. 

Deviations  within  200A  bandwidths  and  deviations  for  runs  at  7. 4  kw  and  12.  5 
kw  have  not  been  completed.  However,  the  spectral  energy  distribution 
varied  only  slightly  with  the  change  in  power  input  from  7,  5  kw  to  12.  5  kw. 

c.  Brightness,  Uniformity,  Size  and  Shape  of  Source 

The  brightness  profiles  for  the  10-kw  xenon  lamp  obtained  by  the  manufacturer 
(Duro-Test)  using  a  technique  similar  to  that  described  above  are  shown  in 
Figure  12.  Examination  of  the  brightness  variation  indicated  a  variation 
of  approximately  14  to  1  in  axial  direction  over  an  8. 25  mm  gap  not  counting 
the  peak  brightness  of  7600  cal/mm*. 

2.  2.  5  kw  Mercury-Xenon  Short-Arc  Lamp 

The  mercury-xenon  lamp*  tested  and  the  source  in  operation  at  12.  5  kw  input 
power  are  shown  in  Figures  13  and  14  respectively. 

a.  Spectral  Energy  Output 

Spectral  energy  measurements  for  this  lamp  made  by  the  techniques  des¬ 
cribed  previously,  are  plotted  as  a  function  of  wavelength  in  Figure  15.  The 
solar  spectral  energy  curve  has  been  superimposed  on  the  measured  Xe-Hg 
curve  for  comparison.  The  total  energies  represented  by  the  two  curves 
are  equal.  Attenuation  of  UV  energy  in  the  range  below  0.  6p,  similar  to 
that  noted  in  measurements  with  the  10-kw  xenon  lamp  is  evident  and  will  be 
re-examined. 

b.  Spectral  Match 

In  Figure  16  the  spectral  energy  of  the  2.  5  kw  xenon-mercury  source  is 
compared  to  the  solar  spectral  energy  in  the  specified  bandwidths.  In  the 
range  1. 1  to  2.  5p,  the  spectral  energy  from  the  lamp  is  approximately  twice 
that  required  to  match  the  solar  energy  in  this  range.  An  approximate  match 
is  obtained  in  the  range  2. 5  to  Sp  and  approximately  50%  excees  energy  is 


*  Hanovia  Lamp  Division,  Engelhard  Hanovia,  Inc. ,  Newark,  New  Jersey 
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Fi9. 13  23*KW  X*nM*M>rcury  Sliart*Arc  Loiny 
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Pig.  14  2.5*KW  XMM*MtrcMry  ShwrtWUe  in  Oj^ntion 
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Fig.  15  Sfaciral  Eiwrgy  DislrilMtion  —  Xmi«i  Mkrcwy  Scare* 
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centered  in  the  band  0.8  to  1.  Again  UV  attenuation  is  evident  in  the  bands 
below  0.  8k>.  Measurements  of  radiant  energy  output  and  of  the  intensity  and 
uniformity  of  the  output  are  in  process. 

3.  Fluid-Transpiration  Short-Arc  Source 

The  fluid^transpiration  arc  equipment  used  in  these  tests  is  shown  in  Figure 
17  while  the  arc  in  operation  with  argon  transpiration  at  75  gm/min.  and 
5.  0  kw  input  power  is  illustrated  in  Figure  18. 

a.  Spectral  Energy  Output 

The  spectral  intensity  as  a  function  of  wavelength  for  the  argon  fluid -trans¬ 
piration  arc  at  90  and  165  psia  pressure  are  shown  in  Figures  19  and  20.  A 
solar  spectral  distribution  curve  has  been  superimposed  on  each.  Practically 
no  change  in  the  spectral  distribution  or  broadening  of  lines  is  noted  for  the 
change  in  pressure  from  90  psia  to  165  psia.  Again  a  sharp  drop-off  in  in¬ 
tensity  is  noted  in  the  region  from  0. 6  to  0.  25  microns.  The  above  spectral 
diagrams  were  taken  through  a  one-inch-thick  quartz  window  (Suprasil  grade 
#2).  This  thickness  will  cause  slightly  more  attenuation  in  the  UV  and  in¬ 
frared  than  the  1 /4-inch  thick  quartz  envelope  used  for  testing  the  short  arc 
lamp. 


b.  Spectral  Match 

The  match  of  the  spectral  energy  for  the  argon  fluid-transpiration  arc  to  the 
solar  spectral  energy  in  the  specified  bandwidths  is  shown  in  Figures  21  and  22. 

The  energy  in  the  band  2.  5  to  3. 0  microns  is  only  about  10%  of  that  required. 
Possibly  this  is  due  to  absorption  in  the  1 -inch-thick  quartz  window  especially 
in  the  2.  6  to  2.  7  micron  region.  Between  1.7  to  2.4  and  0.  6  to  0. 8  microns 
an  approximate  match  is  obtained.  From  0.  8  to  1.7  microns  there  is  about 
50%  excess  energy.  Again  in  the  region  below  0.  6  microns  the  energy  is  far 
less  than  that  required. 

c.  Total  Radiant  Energy  Output 

The  total  power  radiated  per  solid  angle  as  a  function  of  the  polar  angle  6,  is 
shown  in  Figure  23  for  the  argon  fluid-transpiration  arc  at  100  psia.  A  com¬ 
plete  polar  diagram  could  only  be  made  at  atmospheric  pressure  since  the 
polar  angle  measurements  necessitated  the  removal  of  the  present  cast 
iron  chamber  housing  around  the  arc. 
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Fig.  17  Fluid'Trancpiratien  Arc  Equipment 


AEDC>TDR>63-91 


Fig.  18  Argon  Fluid* Trontpirotion  Arc  in  Oporotien  at  50  ptig 
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Fig.  19  Spvctrol  Energy  Distribution  — Fluid -Transpiration  Arc  at  90  psia 
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Fig.  20  Spectral  Energy  Distribvtion—  Fluid  -Transpiration  Arc  at  165  psia 


WAVELENGTH  (MICRONS) 


Fig.  21  Argon  Fluid  •Transpiration  Arc  Spoctrum  at  90  psia  Comparod  to  Solar  Spoctrum 
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WAVELEMGTH  (MICRONS) 

Pig.  22  Argon  Fluid •Trontgiration  Arc  Spoctrum  at  165  ptia  Comparod  to  Solar  Spoctrum 
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The  total  power  output  per  solid  angle  of  the  arc  was  computed  from  both  the 
thermopile  measurements  and  by  integrating  the  spectrophotometer  data. 

The  calculated  values  from  the  data  of  the  initial  measurements  showed  a 
general  lack  of  agreement  between  the  two  methods.  These  measurements 
are  being  continued  and  the  general  method  is  being  checked  to  determine  the 
causes  for  lack  of  agreement. 

C.  ADDITIONAL  SOURCE  POSSIBILITIES 


1.  New  Source  Concepts 

In  addition  to  the  sources  discussed  in  Technical  Note  No.  1  as  possibly  sxxit- 
able  for  solar  simulation,  several  other  source  concepts  have  been  investigated 
briefly.  Although  some  of  these  concepts  may  have  potential,  initial  investi¬ 
gation  indicates  that  long  research  and  development  programs  would  be  re¬ 
quired  to  substantiate  their  applicability  to  the  facility. 


a.  Incandescent  Nuclear  Reactors 

One  unique  concept  for  a  radiation  source  is  based  on  a  hot  incandescent 
nuclear  reactor.  In  this  particular  case  a  critical  size  self-sustaining 
nuclear  reaction  is  contained  in  a  reactor  which  is  allowed  to  operate  at  high 
temperatures,  the  body  of  the  reactor  at  high  temperature  acting  as  the  radia¬ 
tor.  Obviously,  to  merit  consideration  for  solar  simulation,  the  operating 
temperature  of  the  container  should  be  in  excess  of  6000*K.  Since  the  best 
high  temperature  materials  are  limited  to  temperatures  well  below  6000 ’K 
(4000 ’K  and  less)  this  concept  is  clearly  limited  by  a  materials  problem. 

Other  concepts  to  circumvent  the  materials  problem  inherent  in  containing 
nuclear  reactions,  such  as  confinement  of  the  reaction  by  magnetic  fields, 
have  not  provided  a  practical  solution  to  date.  At  best,  such  a  concept  would 
imply  large,  expensive,  and  cumbersome  installations. 

b.  Gaseous  Nuclear  Reactor  Source 

In  this  particular  concept  the  spherical  reactor  walls  would  be  cooled  to 
maintain  structural  integrity  while  the  nuclear  reaction  would  be  viewed  or 
projected  through  a  viewport.  Assuming  a  structurally  sound,  optically  thin, 
viewport  could  be  developed  for  such  an  installation,  the  theoretical  minimum 
diameter  for  such  a  gaseous  reactor  would  be  in  excess  of  5  feet  and  operating 
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pressures  would  be  400  atmospheres.  This  would  represent  a  permanent, 
bulky,  and  costly  installation.  In  addition,  a  formidable  thermal  gradient 
would  have  to  be  established  through  the  container  of  such  a  reactor  to  main¬ 
tain  structural  integrity.  Heat  removal  in  the  order  of  hundreds  of  megawatts 
would  be  required,  further  increasing  the  bulk  of  the  installation. 

c.  Exploding  Wires 

Exploding  conductors  are  also  a  means  of  obtaining  intense  thermal  radiation. 
Extremely  high  temperatures  can  be  produced  for  periods  of  a  few  micro¬ 
seconds.  Although  the  intensity  of  radiation  may  warrant  further  investiga¬ 
tion,  the  duration  of  this  radiation,  being  as  brief  as  it  is,  would  imply  ex¬ 
tensive  development  work  to  develop  rapid  intermittent  pulse  techniques  and 
feed  mechanisms  to  supply  new  conductors  to  the  point  where  the  light  is 
derived.  The  collection  of  vaporized  material  would  also  preclude  the  feasi¬ 
bility  of  this  technique  in  the  near  future. 

d.  Chemical  Reactions 

Chemical  bond  energies  released  in  exothermic  reactions  appear  to  be  in¬ 
sufficient  to  produce  the  radiation  required  to  simulate  solar  radiation. 
Chemical  bonds  are  broken  at  fairly  low  temperatures. 

e.  Cathodoluminescence  Sources 


Radiation  which  is  produced  from  luminescent  materials  by  cathode-ray 
bombardment  is  known  as  cathodoluminescence.  Phosphor  materials  of  this 
type  can  produce  luminances  steadily  up  to  several  hundred  candles  per 
square  millimeter.  The  radiation  however  is  generally  confined  to  narrow 
spectral  limits.  No  one  substance  can  luminesce  in  a  continuous  spectrum 
between  0.  2^  and  3.  0(i.  Applicability  of  this  phenomenon  to  produce  a  con¬ 
tinuous  radiation  flux  of  the  desired  characteristics  similar  to  solar  radiation 
would  depend  on  compounding  several  luminescent  materials.  It  is  not  at  all 
certain  if  such  materials  exist.  Current  work  in  this  field  is  concentrated  to 
a  large  measure  on  producing  visible  light.  Development  of  long  life  phosphors 
and  cooling  techniques  for  the  phosphors  has  not  been  completed  as  yet. 

Proof  of  feasibility  of  this  technique  is  a  long  range  research  study  and  can¬ 
not  be  considered  for  the  current  requirements. 


42 


AEDC>TDR>63>9] 


2.  Developmental  Sources 

In  addition  to  the  ahort-arc  gas  lamps,  another  source  receiving  develop¬ 
mental  attention  is  the  carbon  arc.  The  developmental  objectives  for  this 
arc  are  primarily  directed  to  improving  or  changing  the  spectral  characteris¬ 
tics  of  the  anode  crater  by  changing  the  additives  in  the  core  of  the  carbon 
rods.  High-powered  reliable  carbon  arcs  in  the  20  kw  range  are  also  being 
developed.  Some  development  is  also  being  directed  to  increasing  the  con¬ 
tinuous  burning  time  of  carbon  arc  devices  with  large  magazine  loading 
systems  for  the  electrodes. 
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III.  OPTICAL  SYSTEMS 

The  second  major  element  of  a  solar  simulator  is  the  optical  system  whose 
function  is  to  collect  and  tailor  the  radiation  to  the  desired  properties  of  in¬ 
tensity,  spectral  distribution,  collimation  and  uniformity.  Several  optical 
systems  have  been  designed  or  proposed  for  other  solar  simulators,  all  hav¬ 
ing  an  area  to  be  radiated  much  smaller  than  required  for  the  chamber.  In 
addition,  none  of  these  simulators  have  the  high  energy  conversion  efficiency 
or  the  close  tolerances  on  the  optical  properties  considered  necessary  for  the 
chamber,  it  was  therefore  decided  to  design  a  reference  system  which  would 
serve  as  a  basis  for  preliminary  assumptions  of  parameters  and  for  compari¬ 
son  with  existing  and  proposed  systems . 

The  Reference  Module’*'  (Drawing  F113749A)  is  shown  as  Exhibit  I.  Its 
design  was  based  upon  criteria  considered  most  likely  to  be  confirmed  by  the 
study  and  to  fulfill  the  specified  requirements.  Design  criteria  were: 

1.  Use  reflecting  optics  where  possible,  because  they  are  generally 
less  costly  than  refracting  optics. 

2.  Collect  virtually  all  of  the  lamp  output,  for  efficiency. 

3.  Use  a  xenon  compact-type  arc  lamp,  because  of  efficiency,  cleanli¬ 
ness  and  long  unattended  life. 

4.  Keep  the  number  of  optical  surfaces  to  a  minimum,  for  economy  of 
construction  and  efficiency. 

5.  Locate  the  source  outside  the  chamber  for  ease  of  cooling  and  re¬ 
placement. 

6.  System  to  be  suitable  for  use  with  double  walls,  36"  apart. 

7.  System  to  show  promise  of  being  amenable  to  simultaneous  correction 
of  uniformity  and  collimation. 

8.  Avoid  concentration  of  lamp  arrays,  to  reduce  cooling  problems. 


This  design  has  been  entitled  "  Chambep-Concept  A".  For  the  purpose  of 
this  report,  it  will  be  called  simply  "Reference  Module". 
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The  reference  module  used  as  a  starting  point  in  the  present  study  has  a  mini¬ 
mum  number  of  optical  surfaces,  collects  the  maximum  possible  lamp  output, 
and  can  accept  the  largest  available  (10  kw)  compact  arc  lamp.  It  was  thus 
considered  to  be  not  only  a  reference  standard  for  the  comparison  of  other 
systems,  but  also  a  candidate,  with  them,  for  evaluation  as  an  eventual  choice 
for  the  chamber. 

Final  evaluation  of  the  various  systems  and  choice  of  the  best  for  the  purpose 
should  not  be  made,  however,  until  the  other  candidate  systems  have  been 
adapted  insofar  as  possible  to  the  size,  double -wall  construction,  configuration, 
collimation,  uniformity,  and  other  performance  objectives  of  the  proposed 
chamber. 

A.  SYSTEM  FEASIBILITY 
1 .  Spectral  Distribution  and  Filtering 

A  major  problem  to  be  solved  in  this  investigation  is  the  feasibility  of  matching 
the  solar  energy,  as  found  outside  the  Earth's  atmosphere,  within  the  limits 
specified.  The  region  of  interest  lies  between  2,000  and  30,000  angstroms 
and  the  standard  to  be  matched  is  the  Johnson  curve,  with  latest  revisions. 

The  starting  point  of  this  part  of  the  study  must  of  necessity  be  the  spectral 
output  of  the  selected  lamp.  This  energy  is  selectively  reduced  by  each  ele¬ 
ment  in  the  optical  system,  until  it  is  finally  projected,  in  a  collimated  beam, 
into  the  simulation  chamber. 

The  problem  of  providing  a  good  spectral  match  is  approached  by  first  choosing 
a  lamp  and  assuming  a  suitable  optical  system.  Then  one  must  determine  the 
spectral  distribution  of  the  useful  lamp  radiation,  under  practical  operating 
conditions.  Also,  the  spectrally  distributed  ratio  of  reflected  to  incident 
energy  (reflectance)  for  each  mirror  and  of  transmitted  to  incident  energy 
(transmittance)  for  each  window  or  lens  in  the  system  must  be  established. 

The  transmittance  of  air  and  of  ozone,  generated  from  atmospheric  oxygen  by 
the  ultraviolet  lamp  radiation  in  the  area  between  the  lamp  and  the  first  win¬ 
dow,  must  also  be  considered.  The  spectral  product  of  these  terms  is  the 
system  output,  which  is  then  compared  to  the  solar  curve,  using  suitable  scale 
factors  to  keep  the  system  output  above  the  minus  tolerances  of  the  solar  stan¬ 
dard.  Any  portion  of  the  system  output  which  exceeds  the  plus  tolerances  of 
the  solar  standard  must  then  be  filtered  out.  Suitable  filters  are  chosen  to 
accomplish  this.  The  next  step  is  to  compare  the  spectral  product  of  the  sys¬ 
tem  and  filter  characteristics  to  the  solar  curve,  and  to  further  refine  the 
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filter  designs  if  necessary,  so  that  the  final  result  falls  within  the  specified 
limits.  Any  recommendations  as  to  desirable  or  necessary  changes  to  the 
solar  match  tolerance  can  then  be  made. 

It  is  anticipated  that  the  reqmrement  that  "any  band"  of  listed  width  be  within 
the  limits  (Table  IV)  nught  be  changed  to  read  "successive  bands",  particularly 
in  the  case  of  the  200-angstrom  band,  in  order  to  handle  the  problem  of  spec¬ 
tral  lines.  Otherwise  an  unnecessarily  large  number  of  tests  would  be  required 
to  confirm  this  property. 

In  order  to  permit  a  preliminary  study  to  proceed  the  use  of  a  10-kw  xenon 
lamp  was  assumed,  and  as  previously  indicated  a  suitable  reference  module 
(Dwg.  F113749A)  was  laid  out.  For  preliminary  calculation,  omitting  the 
center  fill-in  system,  the  module  consists  of  three  and  one  half  reflectors 
(the  spherical  reflector  near  the  lamp  collects  only  the  lower  half  of  the  lamp 
output)  and  two  windows. 

The  spectral  distribution  of  external  (total)  transmittance  of  suitable  window 
materials  (fused  qviartz  and  synthetic  sapphire)  is  shown  in  Figures  24  and  25, 
and  the  reflectance  of  various  numbers  of  high  quality  aluminized  surfaces  is 
shown  in  Figure  26. 

The  attenuation  of  energy  due  to  Rayleigh  scattering  by  the  atmosphere  is  neg¬ 
ligible,  since  at  the  ultraviolet  end  (2,  000  smgstroms)  of  the  spectral  range  a 
one-meter  path  transmits  0.  9991  of  the  incident  energy.  This  factor  approaches 
even  closer  to  unity  with  increased  wavelength. 

Ozone  has  an  absorption  band  at  about  2500  angstroms,  and  will  also  modify 
the  output  spectrum.  The  ozone  concentration  surroiuiding  a  2500-watt  xenon 
lamp  is  approximately  89  x  10~^  grams  per  cubic  meter.  Fortunately,  the 
lowest  transmittance  (at  2539  A)  of  a  one-meter  path  of  this  concentration  is 
0.9993,  which  represents  negligible  absorption. 

The  spectrsd  product  of  the  window  and  reflector  curves  is  shown  in  Figure  27, 
for  each  of  the  two  window  materials.  This  figure  represents  the  transmittance 
of  the  reference  module. 

When  the  spectral  distribution  curves  of  the  selected  lamps  are  available  the 
spectral  product  of  each  lamp  curve  and  the  appropriate  curve  of  Figure  27 
will  represent  the  output,  before  filtering,  for  that  combination  of  lamp  and 
optical  systems.  It  will  then  be  possible  to  proceed  with  filter  selection  and 
with  final  calculations  of  efficiency  and  area  to  be  covered  by  each  unit. 
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Fig.  24  External  Transmittance  — Fu««d  Quartz  Plates 
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Fig.  25  External  Trantmittanca  — Synthetic  Sapphire  Plates 
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Fig*  26  R^flvctanc*  — Aiuminuin  Films 
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Fig.  27  Troncmittmc*  of  R«f*r*nc*  Modul* 
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2.  Lamp  Size 

The  lamp  tentatively  selected  (10-kw  Duro-Test,  Figure  28)  is  of  quite  feasible 
mechanical  size.  For  use  in  the  reference  module  this  lamp  offers  no  physical 
interference,  and  is  smaller  in  proportion  to  its  wattage  than  similar  1, 600, 

2,  500  and  5,  000  watt  lamps.  Its  configuration  is  also  easily  adaptable  to  the 
modvile  as  it  provides  a  synunetrical  arrangement  in  a  module  with  a  vertical 
axis,  when  operating,  as  it  must,  in  a  vertical  position. 

The  wattage  size  (10  kw)  is  a  distinct  advantage  over  smaller  lamps,  in  that 
a  reasonable  area  can  be  covered  by  each  lamp,  and  the  number  of  modules 
is  kept  to  a  minimum. 

The  8-mm  arc  length  compares  favorably  with  the  13.  6-mm  diameter  crater 
of  a  10-kw  carbon  arc  and  the  5.  0-mm  arc  length  of  a  5,  000-watt  mercury- 
xenon  lamp. 

3.  System  Energy  Conversion  Efficiency 

The  efficiency  of  the  solar  simulation  system  will  be  equivalent  to  the  effic¬ 
iency  of  an  individual  modiile  if  the  modtilar  concept  is  adopted.  Overall 
module  efficiency  is  represented  by  the  ratio  Wo/Wi  where  Wq  is  the  useful 
radiant  watts,  within  the  specified  wavelength  limits,  projected  into  the  chamber 
and  is  the  electrical  watts  at  the  lamp  connections.  Power  supply,  ballast 
and  line  losses  are  not  considered  in  this  part  of  the  study. 

Overall  module  efficiency  can  be  broken  down  into  three  parts:  lamp  efficiency, 
optical  system  efficiency,  and  filter  efficiency  and  is  the  integrated  spectral 
produce  of  the  three. 

Lamp  efficiency  is  the  ratio  of  useful  radieint  watts  (from  a  small,  finite  source, 
and  within  the  wavelength  limits)  to  the  electrical  watts  at  the  lamp  connections. 

Optical  system  efficiency  consists  of  the  product  of  collection  efficiency  (that 
fraction  of  the  lamp  output  actually  picked  up  by  the  mirror  system),  the  re¬ 
flectance  and  transmittance  of  the  various  elements  of  the  optical  system  and 
the  geometric  efficiency  (which  considers  losses  incurred  in  shaping  the 
naturally  circular  beam  into  the  hexagonal  shape  reqviired  for  the  array  of 
modules).  The  reflectance  and  transmittance  of  the  modvile  elements,  includ¬ 
ing  those  used  for  geometric  shaping  and  center  fill-in,  must  be  treated  on  a 
spectral  distribution  basis . 
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Filter  efficiency  will  be  determined  after  the  filters  have  been  selected  and 
is,  of  course,  highly  selective  as  to  spectral  distribution. 

The  efficiency  of  the  system  of  mirrors  and  windows  shown  in  the  reference 
module  is  given  in  Figure  27,  and  for  a  hypothetical  lamp  having  uniform  out¬ 
put  at  all  wavelength  between  2,  000  and  30,  000  angstroms,  would  be  70.  5% 
for  quartz  windows,  or  66.  8%  for  sapphire  windows.  The  efficiency  under 
operating  conditions  would  be  weighed  by  the  spectral  distribution  of  the  lamp 
energy. 

Collection  efficiency  should  be  better  than  90%,  since  a  study  of  polar  diagrams 
of  the  output  of  smaller  but  typical  lamps  of  the  compact  type  shows  very  little 
radiated  energy  beyond  the  acceptance  of  the  mirrors  (See  Figure  29). 

The  area  which  can  be  covered  by  a  module  is  a  function  of  lamp  power  and 
module  efficiency.  In  order  to  obtain  an  estimate  of  the  area,  the  design  of 
the  reference  module  was  based  on  the  following  parameters; 


Assumed  lamp:  Duro-Test  Xenon  10  kw 

Input  power  to  lamp  at  beginning  of 

lamp  life  (to  maintain  constant  output)  7.  5  kw 

Useful  radiation  (percent  of  input)  estimated  48% 

Collection  efficiency  estimated  90% 

Module  transmittance  68% 

Filter  efficiency  estimated  70% 


With  a  module  conforming  to  the  above  values,  there  will  be  1, 540  watts 
available  in  the  chamber.  This  is  sufficient  to  cover  a  circle  of  12.  11  square 
feet  at  127.  16  watts  per  square  foot,  the  value  of  the  solar  constant  between 
2,  000  and  30,  000  angstroms.  Reducing  the  area  to  a  hexagon  inscribed  within 
the  circle  results  in  10.02  square  feet  of  coverage.  The  hexagon  would  be 
40.81  inches  across  flats,  which  is  also  the  center-to-center  spacing  of  the 
modules.  The  energy  salvaged  from  the  six  circular  segments  outside  the 
hexagon  would  be  used  for  center  fill-in,  and  it  is  doubted  that  any  increase 
in  hexagon  area  could  be  realized  from  use  of  this  energy. 
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The  resulting  overall  module  efficiency,  Wq/W^,  is  127.  16  x  10.02/7500  or 
17.0%  when  the  lamp  is  new.  Assuming  that  the  lamp  input  has  increased  to 
rated  value  (10  kw)  at  the  end  of  lamp  life,  maintaining  a  constant  output,  the 
efficiency  is  then  12.7%. 

In  order  to  provide  full  illumination  at  the  edges  of  the  selected  test  area, 
the  modules  must  cover  an  extra  width,  on  each  of  the  four  sides.  Thus  the 
nrinimum  area  to  be  covered  is  slightly  greater  than  the  desired  test  area. 
Knowing  the  dimensions  of  the  basic  module,  the  number  and  arrangement 
of  the  modules  can  be  obtained.  A  typical  corner  arrangement  is  shown  in 
Figure  30.  This  however,  is  a  tentative  figure  based  on  the  assumptions 
previously  indicated  and  will  change  when  the  overall  efficiency  of  the  system 
is  calculated. 

The  maximum  power  consumption  should  be  calculated  on  the  power  required 
by  old  lamps.  Power  losses  ahead  of  the  lamp  terminals  would  be  added  to 
these  figures. 


4.  Operational  Life  of  Optics 

The  operational  life  of  the  various  optical  parts  and  their  mountings  should 
be  practically  without  limit.  With  proper  care  in  cleaning,  and  the  use  of 
filtered  cooling  air,  the  mirror  and  window  surfaces  should  remain  un¬ 
damaged.  Furthermore  the  window  and  lens  materials  are  expected  to  re¬ 
cover,  by  heating,  from  any  radiation-induced  color  centers.  Radiation 
effects  are  discussed  in  Appendix  B. 

One  cause  of  mirror  and  window  damage  would  be  exploding  lamps.  Lamps 
should  be  handed  in  protective  screens  during  installation  and  removal.  The 
probability  of  bursting  can  be  reduced  by  limiting  lamp  power.  When  the 
gradually  increasing  lamp  input  reaches  this  linnit,  further  increase  should 
be  prevented,  and  the  lamp  should  be  replaced  as  soon  as  possible.  Although 
a  bursting  lamp  might  badly  scratch  a  metal  mirror,  operation  could  be  con¬ 
tinued,  in  most  cases,  until  a  time  convenient  for  replacement  of  the  mirror. 

If  this  modular  design  is  selected,  care  must  be  taken  not  to  drop  objects  on 
the  windows  during  maintenance.  The  windows  are  protected  by  the  ellipsoidal 
mirrors  during  operating  periods. 
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5.  Cooling  Requirements 

In  order  to  study  and  evaluate  the  cooling  requirements  of  the  system,  the 
heat  to  be  dissipated  by  each  element  of  the  module  nr-ust  first  be  determined. 
Assuming  a  10-kw  lamp  in  the  reference  module,  the  heat  loss,  in  watts,  of 
each  major  element  will  be  as  shown  in  Figure  31. 

The  major  heat  loss  is  in  the  lamp  itself.  At  7500  watts  starting  input  (new 
lamp),  assuming  48%  useful  radiation,  the  loss  to  be  carried  away  as  heat 
is  3,900  watts.  At  the  end  of  life,  assuming  that  the  input  has  been  increased 
to  10,000  watts  to  compensate  for  blackening  of  the  envelope,  the  loss  wovild 
be  6,  400  watts. 

Depending  upon  the  detail  design  of  the  lamp,  part  of  this  heat  would  be  re¬ 
moved  by  liquid-cooled  mountings  or  contact  jaws  and  part  by  an  air  current 
provided  by  a  vacuum  exhaust  connection.  The  air  exhaust  system  would  also 
remove  the  ozone  generated  from  atmospheric  oxygen  by  the  ultraviolet  lamp 
energy.  The  ozone  covild  otherwise  accumulate  in  the  radiation  shield  and 
become  a  personnel  hazard.  A  flow  rate  of  300  cubic  feet  of  hot  exhaust  air 
per  minute  would  remove  waste  lamp  heat  (estimated  to  be  6400  watts  at  the 
end  of  lamp  life)  with  a  110°F  air  temperature  rise. 

Air  for  cooling  the  lower  end  of  the  lamp,  if  found  to  be  necessary,  could  be 
carried  by  flattened  tubes  in  line  with  the  spokes  supporting  the  spherical 
mirror,  and  introduced  into  the  area  surrounding  the  lower  lamp  support. 

The  spherical  mirror  loss  is  calculated  to  be  81  watts  due  to  absorption.  In 
addition,  an  estimated  180  watts  of  energy  will  not  be  collected  due 
to  obscuration  such  as  edge  chamfers  and  mountings,  and  due  to  lamp  radia¬ 
tion  at  extreme  angles  below  the  arc.  The  actual  value  of  the  last  effect  will 
be  calculated  when  the  lamp  data  are  available . 

Due  to  the  small  radiating  area  of  the  mirror  mounting,  and  to  the  proximity 
to  the  lamp,  it  is  suggested  that  the  mount  be  liquid-cooled.  Coolant  lines 
can  be  attached  to  or  made  a  part  of  the  support  spokes. 

Ellipsoidal  mirror  absorption  loss  is  calculated  to  be  158  watts.  Losses  due 
to  non-specular  collection  are  estimated  at  180  watts.  Since  this  mirror  is 
at  the  top  of  the  module,  where  heated  air  will  gather  before  being  drawn  off 
by  the  exhaust  system,  liquid  cooling  is  recommended.  Cooling  fins  on  the 
back  of  the  mirror  would  probably  suffice  as  an  alternate,  but  would  greatly 
increase  the  heat  inside  the  radiation  shield  above  the  module  array,  and 
would  thus  hamper  maintenance  operations. 
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Two  windows  are  required  in  order  to  provide  for  the  guard  vacuum  between 
the  atmosphere  and  the  chamber  vacuum.  It  is  planned  to  incorporate  the 
filters  in  the  window  surfaces  in  order  to  keep  the  number  of  optical  surfaces 
to  a  minimum  and  thus  maintain  the  best  efficiency.  The  filter  loss  is  esti¬ 
mated  to  be  816  watts  and  in  order  to  prevent  overheating,  each  window  will 
provide  half  of  the  filter  absorption.  This  design  will  also  permit  greater 
flexibility  in  filter  design,  in  case  it  is  found  desirable  to  use  several  filters 
of  different  characteristics  in  order  to  provide  a  proper  spectral  match. 

Liquid  cooling  of  the  window  mounts  would  be  required,  in  order  to  prevent 
excessive  heat  radiation  into  the  chamber  by  the  lower  end  of  the  module 
structure. 

The  hyperboloidal  mirror-lens  will  absorb  85  watts  due  to  the  absorptivity 
of  its  partially  reflecting  coating  and  about  ten  watts  due  to  absorption  of  the 
fill-in  energy  transmitted  through  it.  Since  this  element  can  radiate  to  the 
cold  walls  of  the  chamber,  no  special  cooling  provisions  will  be  required, 
unless  its  equilibrium  temperature  would  adversely  affect  the  test  vehicle. 

The  paraboloidal  mirror  will  absorb  81  watts  due  to  its  reflection  loss.  This 
can  be  dissipated  easily  to  the  cryogenic  panels  between  the  back  of  the  mirror 
and  the  chamber  wall. 

The  foregoing  discussion  of  cooling  requirements  is  based  on  the  reference 
module.  A  final  design  might,  of  course,  have  somewhat  different  thermal 
values,  and  must  be  tested  operationally  to  determine  actual  cooling  require¬ 
ments.  This  is  especially  necessary  in  the  critical  areas  of  the  lamp  and  the 
filter -windows.  If  part  or  all  of  the  filtering  is  of  the  interference  type,  the 
heat  absorbed  by  the  windows  will  be  reduced,  but  the  reflected  energy  must 
then  be  absorbed,  and  provision  must  be  made  to  avoid  reflected  "ghost"  images. 

6.  Maintenance 

The  principal  maintenance  operation  will  be  lamp  replacement.  The  design 
of  mirrors,  covers,  etc. ,  in  the  vicinity  of  the  lamp  should  provide  for  easy 
lamp  replacement.  For  example,  the  reference  module  shows  a  removable 
cover  over  the  end  of  the  lamp.  Quick  disconnects  are  shown  in  the  electrical 
and  air  exhaust  leads. 

The  possibility  of  a  requirement  for  pre -focus  adjustment  of  lamps  before 
replacement  is  discussed  below  in  connection  with  the  adaptability  of  source 
to  the  reflector  system. 
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Windows,  mirrors  and  seals  should  be  replaceable  with  a  minimum  of  dis¬ 
assembly  of  surrounding  parts. 

The  use  of  pilot  fits  and  bench  adjustment  of  sub-assemblies  should  be  con¬ 
sidered  in  the  detail  design  of  the  system,  so  that  a  minimum  amovint  of  align¬ 
ment  and  focussing  will  be  necessary  at  installation  and  during  maintenance 
operations. 

7,  Adaptability  of  Source  to  Reflector  System 

A  short-arc  type  lamp  is  well  suited  for  operation  in  a  system  such  as  the 
reference  modvile  for  the  following  reasons: 

The  system  is  symmetrical  when  the  lamp  is  operating  in  its  required  vertical 
position;  practically  all  of  the  useftil  lamp  radiation  is  collected  and  used 
(most  important  due  to  the  overall  power  requirements  and  the  cooling  problem); 
the  polar  distribution  of  lamp  energy,  as  modified  by  the  spherical  mirror 
(Figure  29)  is  so  shaped  as  to  help  covinteract  the  offense  against  the  sine  con¬ 
dition;  excess  energy  from  outside  the  hexagon  is  used  to  fill  in  the  area 
vignetted  by  the  lamp  electrodes;  the  shape  and  orientation  of  the  lamp  permit 
replacement  through  a  cover,  without  disturbing  any  of  the  optical  parts. 

The  disadvantage  lies  in  the  70°  cone  on  the  lamp  axis  that  is  obscured  by  the 
electrodes.  The  large  amount  of  energy  required  to  fill  in  this  area  necessi¬ 
tates  a  somewhat  awkward  arrangement  of  mirrors  to  collect  and  redirect 
energy  from  the  periphery  of  the  ellipsoid. 

For  reasons  of  maintenance,  it  is  important  that  the  lamps  should  be  out¬ 
side  the  vacuum  chamber,  in  ambient  atmosphere  and  temperature.  Based 
on  an  estimated  average  lamp  life  of  1000  hours  and  a  half-year  test  run 
(4400  hours),  an  appreciable  number  of  the  lamps  can  be  assumed  to  fail, 
perhaps  at  the  rate  of  one  lanp  every  one  or  two  hours.  This  replacement 
would  be  impractical  to  accomplish  in  the  space  environment. 


Also,  for  cooling  reasons,  the  lamps  should  be  in  the  atmosphere.  As  shown 
above  in  the  discussion  of  cooling  requirements,  the  thermal  energy  to  be 
removed  ahead  of  the  first  window  would  be  between  4,  500  and  7,  000  watts 
per  module,  depending  upon  the  amount  of  lamp  life  expended.  If  the  structure 
surrounding  the  lamp  is  operated  at  a  high  temperature,  this  heat  can  be  re¬ 
moved  more  economically  than  would  be  the  case  if  the  structure  had  to  be 
maintained  at  a  low  temperature  acceptable  to  the  interior  of  the  chamber. 
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Further,  air  cooling  of  the  lamp  envelope  could  not  be  accomplished  in  the 
vacuum  environment.  It  is  doubtful  that  lamp  life  would  be  satisfactory  with¬ 
out  air  cooling.  However,  this  should  be  confirmed  by  a  comparison  test  of 
lamp  life  in  air  and  in  vacuum. 

Totally-refracting  systems  are  not  considered  feasible  due  to  the  extreme 
cost  of  the  optical  materials  that  woidd  be  required.  For  instance,  in  a 
refracting  modvile  with  efficiency  equivalent  to  the  reference  module  the  final 
element  would  be  approximately  47  inches  in  diameter  across  the  corners  of 
the  hexagon.  Extrapolation  of  the  curve  of  price  vs.  size  for  optical  grade 
fused  silica  indicates  a  price  in  the  order  of  $45,  000  for  a  single  infinished 
blank  of  this  size.  Problems  of  availability  in  quantity,  finishing,  moimting, 
and  losses  due  to  absorption  wovild  further  decrease  the  feasibility  of  a  re¬ 
fracting  system. 

For  ease  and  speed  of  lamp  replacement,  all  lamps  should  have  a  pre-focussed 
arrangement  of  mounting  surfaces,  identical  in  size  and  in  axial  and  radial 
relation  to  the  arc  center  when  hot.  Likewise,  each  module's  lamp  mount 
shotild  be  of  uniform  size  and  location  relative  to  the  focus  of  its  optical  sys¬ 
tem. 

The  mount  in  the  module  should  be  aligned  at  assembly  prior  to  installation 
in  the  chamber,  and  should  reqtiire  no  further  adjustment.  Lamp  mounting 
surfaces  should  be  applied  and  inspected  before  the  lamps  are  placed  in  stor¬ 
age  for  use.  Gauges  should  be  provided  for  both  lamp  and  module  adjustment. 

Although  the  reference  module  is  shown  in  diagrammetric  form,  several  fea¬ 
tures  should  be  noted. 

The  outer  shell  consists  of  two  tubes  and  a  connecting  cone.  These  would  be 
pre -fabricated.  The  inner  smd  outer  chamber  wedls  would  have  concentric 
holes  cut  on  a  hexagonal  spacing  pattern  as  shown  in  Figure  30.  The  shells 
would  then  be  inserted  from  the  outside  and  welded  to  the  inner  and  outer 
walls  as  shown,  providing  a  suitable  support  structure  between  the  walls. 

The  shells  are  so  proportioned  that  the  cylindrical  portions  will  always  be  in 
contact  with  the  chamber  walls,  whether  at  the  corner  of  the  array,  as  shown, 
or  at  the  center  where  the  walls  will  be  normal  to  the  module  axis.  Thus  in 
the  plan  view  the  holes  in  the  walls  will  be  circ\ilar  and  concentric,  simplifying 
the  cutting  operation. 
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The  optical  assembly  is  located  and  supported  in  the  outer  shell  by  a  spherical 
joint  in  the  region  of  the  windows.  The  outer  ring  of  this  joint  would  be  adjust* 
able  laterally  to  compensate  for  small  errors  in  spacing  during  the  wall-cutting 
and  shell-welding  operations.  Aiming  adjustments,  to  render  the  module  axis 
vertical,  are  shown  outside  of  the  ellipsoidal  mirror. 

The  spherical  joint  ring  and  aiming  adjustments  have  no  part  in  the  structure 
or  internal  alignment  of  the  module;  therefore,  the  complete  module  can  be 
assembled,  adjusted  and  focussed  as  a  unit  by  itself.  It  can  then  be  dis¬ 
assembled  at  the  region  of  the  lower  window  for  shipment.  When  the  upper 
part  is  inserted  into  the  outer  shell  and  the  lower  part  reattached,  no  further 
adjustment  other  than  aiming  should  be  necessary.  This  design  provides  for 
a  continuous  guard  vacuum  between  the  tank  vacuum  and  the  atmosphere. 


B.  ANALYTICAL  STUDIES  AND  COMPUTATIONS 
1.  Optical  Design  of  Reference  Module 

One  purpose  of  this  investigation  is  to  determine  the  optimum  optical  system; 
one  that  will  utilize  a  maximum  of  the  lamp's  energy,  and  that  will  redirect 
it  into  a  uniform,  collimated  bundle. 

From  considerations  listed  in  other  sections  of  this  report,  it  is  indicated 
that  the  main  collecting  and  collimating  optics  should  be  reflectors,  rather 
than  refractors,  wherever  possible. 

It  is  well  known  in  the  art  that  reflectors  of  the  conoid  family  (shapes  generated 
by  the  revolution  of  conic  sections)  possess  pairs  of  conjugates  having  the 
property  that  an  object  at  one  conjugate  will  produce  a  perfect  image  at  the 
other.  These  conoids  are: 
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1.  Concave  Sphere  (positive  power).  Object  and  real  image  coincide 
at  the  center  of  curvature. 

2.  Concave  Ellipsoid  (positive  power).  Object  at  one  focus  and  real 
image  at  the  other. 

3.  Convex  Hyperboloid  (negative  power).  Object  at  one  focus  and 
virtual  image  at  the  other. 

4.  Concave  paraboloid  (positive  power).  Object  at  the  focus  and  image 
at  infinity  (or  vice-versa). 

Most  sources  that  produce  a  useful  output  over  a  solid  angle  greater  than  a 
hemisphere  (2ir  steradians)  can  be  equipped  with  a  hemispherical  mirror 
located  concentric  with  the  source.  This  serves  to  redirect  some  of  the  radia¬ 
tion  back  through  the  source  so  that  the  condensing  system  need  not  accept  an 
included  angle  greater  than  180*. 

To  evaluate  the  merit  of  an  optical  system  in  performing  the  task,  rays  were 
traced  from  an  assumed  point  source  having  a  radiation  zmgle  of  one  hemi¬ 
sphere. 

A  module  concept  showing  promise  is  one  consisting  of  the  four  conoids.  The 
sphere  is  used  to  limit  the  source  angle.  An  ellipsoid  is  placed  with  the 
source  at  its  near  focus  and  reimages  the  source  at  its  far  conjugate.  This 
image  is  in  turn  picked  up  by  a  Cassegrain  system,  consisting  of  a  hyper¬ 
boloid  and  a  paraboloid,  and  is  focussed  at  infinity  (perfectly  collimated)  by 
the  latter. 

However,  when  evaluated  for  uniformity  of  intensity  across  the  aperture 
(diameter  of  the  paraboloid),  a  tremendous  variation  is  found,  making  the 
system  unusable  if  not  corrected.  This  variation  of  intensity  is  known  to  the 
optical  designer  as  "offense  against  the  sine -condition".  The  sine -condition 
requires  that  in  a  corrected  optical  system  having  one  conjugate  at  infinity 
the  ratio  of  the  height  (distance  from  the  axis)  of  any  ray  in  the  collimated 
bundle  to  the  sine  of  the  angle  between  the  same  ray  and  the  axis,  at  the  image 
point,  shall  be  a  constant.  Algebraically, 


hi 

sin  6^ 


Constant  =  E.F.L.  (Effective  Focal  Length)  of  the  system. 
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As  one  evaluates  this  ratio  from  the  paraxial  or  central  ray  out  to  the  mar¬ 
ginal  ray,  the  variation  in  E.F.L.  is  found.  The  square  of  this  variation,  or 

is  the  ratio  of  flux  in  the  marginal  zone  of  the  aperture 

to  that  at  the  axis. 

Study  of  a  typical  system  (similar  to  the  reference  module  Dwg.  F113749A) 
shows  the  following  relative  values  for  the  contribution  of  each  of  three  image - 
forming  elements  to  this  defect: 


/E.F.L.  paraxial\ 
\E.  F.  L.  marginal/ 


Ellipsoid:  1. 424  negative 

Hyperboloid:  0.  1674  positive 
Paraboloid:  0.  1814  negative 


Values  of  these  contributions  can  be  changed  by  detail  variation  of  the  ele¬ 
ments  of  the  system.  Six  possible  variables  are: 

1.  Magnification  at  which  the  condenser  (ellipsoid)  is  working.  It  was 
generally  found  that  the  smaller  the  magnification,  the  smaller  the 
defect.  Mechanical  considerations  of  diameter  and  wall  thickness 
limit  the  magnification  to  approximately  6X.  Once  having  ascertained 
this  value,  it  was  used  throughout  the  reference  module  computations. 


Use  of  Fresnel-type  mirrors.  Replacement  of  the  ellipsoid  by  a 

Fresnel -type  mirror  was  investigated.  Figure  32  shows  such  a 

mirror,  corrected  for  spherical  aberration  and  sine -condition,  and 

.  .  .  j,  ^  •  /  sine  of  the  angle  at  source  \ 

IS  designed  to  make  the  expression!  — : - ttt - ^ - r-: - 

°  \  sine  of  the  angle  at  innage  / 

equal  a  constant,  and  to  permit  all  of  the  reflected  rays  to  pass 

through  the  image  point. 


It  can  be  seen,  however,  that  with  such  a  mirror  a  considerable 
amount  of  the  illumination  is  lost  in  the  blank  spaces  between  the 
reflecting  facets. 

3.  Use  of  a  concave  secondary  (Gregorian)  in  place  of  the  indicated 

convex  (Cassegrain)  system.  This  leads  to  very  similar  finad  results 
in  terms  of  sine -condition  variation  for  the  total  system.  However, 
in  general,  the  elliptical  secondary  of  the  Gregorian  system  is  larger 
than  the  hyperbolic  secondary  of  the  Cassegrain  system,  and  is  less 
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deiirable  because  it  requires  more  fill-in  energy  to  compensate  for 
its  shadow.  This  leads  to  large  refracting  fill-in  optics. 

4.  f/number  of  the  individual  components  of  the  projection  system 
(primary  auid  secondary).  The  characteristic  of  this  variable  is 
such  that  the  higher  the  f/number  (slower  system),  the  less  the 
contribution  to  the  offense.  However,  higher  f/numbers  lead  to 
larger  -  diameter  secondaries,  and  increased  fill-in  reqviirements. 

5.  A  conic  departure  of  surfaces  from  their  theoretical  conic  sections. 
Properly  designed  combinations  of  departure  for  two  or  more  sur¬ 
faces  will  noaintain  collimation  while  improving  the  sine -condition. 
This  possibility  has  not  been  evaluated  as  yet. 

6.  Insertion  of  refracting  elements  (lenses)  in  place  of  the  two  windows 
which  are  required  for  vacuum  sealing.  By  utilizing  very  special 
lenses,  a  considerable  control  over  the  sine -condition  has  been 
achieved. 

The  basic  system.  No.  1311,  with  plane  windows,  (Drawing  FI  13749A)  has 
the  following  characteristics: 


Element 

Radius 

(inches) 

Eccentricity 

Separation 

(inches) 

Source 

9.0 

Ellipsoid 

+15.42853 

0.7143 

54.0 

Image  Plane 

37.  2 

Hyperboloid 

+28.87170 

1.7761 

28.6 

Paraboloid 

+78. 00000 

Rays  were  traced  from  a  point  source  at  the  short  focus  of  the  ellipsoid,  and 
at  angles  from  zero  to  1.5  radians  to  the  axis,  at  intervale  of  0.  1  radian.  The 
heights  and  exit  angles  of  the  rays  at  the  exit  pupil  (leaving  the  paraboloid) 
were  tabulated.  Decollimation  angles  are  plotted  (Curve  1311)  on  the  graph 
of  decollimation  at  exit  aperture  (Figure  33),  and  variations  in  the  E.  F.  L. 
(Effective  Focal  Length)  are  plotted  (Curve  1311)  on  the  graph  of  offense 
against  the  sine  condition  (Figure  34).  It  is  to  be  noted  that  these  curves  are 
for  a  point  source  at  the  focus  of  the  ellipsoid. 
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Fig.  33  Dvcollimotion  of  Exit  Aporture 
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In  theoretical  investigation  of  corrective  lens  elements,  a  form  convenient 
for  analysis,  known  as  the  "Invisible  Null  Lens"  was  used.  This  is  a  lens 
made  up  of  two  surfaces  having  identical  radii  of  curvature  and  zero  thickness. 
Thus  when  both  surfaces  are  spherical  the  net  effect  of  the  lens  is  zero.  How¬ 
ever,  when  one  surface  is  changed  to  aspheric  form,  the  paraxial  power  is 
zero,  but  the  power  is  variable  with  respect  to  spherical  aberrations  and  sine- 
condition.  We  can  have  two  such  types  of  lens,  as  shown  in  Figure  35,  in 
which  the  left  -hand  diagrams  show  the  theoretical  forms  used  in  computations 
to  study  the  effects  of  aspherizing. 

In  the  computations  we  have  used  two  of  these  lenses,  equidistant  from  and 
on  opposite  sides  of  the  long  focal  point  of  the  ellipsoid.  The  lens  on  the  side 
toward  the  ellipsoid  has  parabolized  positive  and  spherical  negative  surfaces, 
causing  overcorrected  spherical  aberration  and  overcorrected  sine -condition. 

On  the  other  side  of  the  focus,  the  negative  surface  of  the  lens  is  parabolized 
and  the  positive  surface  is  spherical,  causing  under  corrected  spherical  aber¬ 
ration  and  overcorrected  sine -condition-. 

The  net  effect  of  the  two  lenses  is  to  leave  the  spherical  aberration  unchanged 
and  to  contribute  a  large  amount  of  overcorrected  sine -condition,  thus  leav¬ 
ing  the  collimation  unchanged  but  greatly  improving  the  sine -condition. 

Four  systems  (numbers  1312  through  1315)  utilizing  correctors  of  two  dif¬ 
ferent  curvatures  and  consisting  of  fused  quartz  and  synthetic  sapphire  were 
studied.  They  had  the  characteristics  shown  in  Table  VI- 

For  comparison,  the  decollimation  angles  and  variation  in  E.F.L.  of  these 
systems  are  also  plotted  in  Figures  33  euid  34.  It  can  be  seen  that  in  System  1311, 
the  collimation  is  perfect,  but  there  is  an  89%  increase  in  E.F.L.  from  the 
center  to  the  edge  of  the  aperture.  It  is  also  shown  that  this  defect  can  be 
significantly  reduced  by  use  of  the  lenses,  and  has  been  cut  to  10%  in  Sys¬ 
tem  1315.  Since  error  remains  monotonic,  further  development  of  the  lenses 
can  reduce  the  error  practically  to  zero. 

The  collimation  has  drifted  to  about  10  minutes  of  angle,  but  this  is  also  mono¬ 
tonic  and  amenable  to  correction. 

However,  in  the  systems  under  study  it  is  not  sufficient  to  confine  the  compu¬ 
tations  to  a  point  source,  since  even  the  most  compact  of  sources  has  finite 
size.  Therefore,  further  computations  have  been  carried  out  for  these  five 
systems  to  investigate  their  performance  with  an  assumed  source  one  quarter 
of  an  inch  long,  oriented  along  the  axis  and  extending  one  eighth  of  an  inch 
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THEORETICAL  LENSES 
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Fig.  35  Cerractor  Lmim* 
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TABLE  VI 

SUMMARY  OF  CHARACTERISTICS  FOR  FOUR  OPTICAL  SYSTEMS 


Radius 

Separation 

Element 

(inches) 

Eccentricity 

(inches) 

System  1312 


Source 

9.0 

Ellipsoid 

-1-15.42853 

0.7143 

50.0 

First  Corrector 

Ri  -t  2.  00000 

Paraboloid 

(Fused  Quartz) 

Rz  -f  2.  00000 

Sphere 

0.0 

4.0 

Focal  Plane 

4.0 

Second  Corrector 

R,  -  2.00000 

Paraboloid 

(Fused  Quartz) 

Rj  •  2. 00000 

Sphere 

0.0 

33.2 

Hyperboloid 

-t28.87170 

1.7761 

28.6 

Paraboloid 

-1-78.00000 

System  1313 

Source 

9.0 

Ellipsoid 

-H5. 42853 

0.7143 

50.0 

First  Corrector 

Ri  -i-  2.  00000 

Paraboloid 

(Synthetic  Sapphire) 

Ri  2.  00000 

Sphere 

0.0 

4.0 

Focal  Plane 

4.0 
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TABLE  VI  -  (CONT'D. ) 


Radius 

Separation 

Element 

(inches) 

Eccentricity 

(inches) 

System  1313  (cont'd. ) 

Second  Corrector 

Ri  -  2.00000 

Paraboloid 

0.0 

(Synthetic  Sapphire) 

Rj  -  2. 00000 

Sphere 

33.2 

Hyperboloid 

+28.87170 

1.7761 

28.6 

Paraboloid 

+78.00000 

System  1314 

Source 

9.0 

Ellipsoid 

+15.42853 

0.7143 

50.0 

First  Corrector 
(Fused  Quartz) 

Ri  +  1.55040 

Rj  +  1.55040 

Paraboloid 

Sphere 

0.  0 

4.  0 

Focal  Plane 

4.0 

Second  Corrector 
(Fised  Quartz) 

Ri  -  1.55040 

R,  -  1.55040 

0.0 

33.2 

Hyperboloid 

+28.87170 

1.7761 

28.6 

Paraboloid 

+78.00000 
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TABLE  VI  - 

(CONT'D. ) 

Radius 

Separation 

Element 

(inches ) 

Eccentricity 

(inches) 

System  1315 

Source 

9.0 

Ellipsoid 

+15.42853 

0.7143 

50.0 

First  Corrector 
(Synthetic  Sapphire ) 

Ri  +  1.73160 

Rj  +  1.73160 

Paraboloid 

0.  0 

Sphere 

4.0 

Focal  Plane 

4.0 

Second  Corrector 
(Synthetic  Sapphire ) 

-  1.73160 

Rj  -  1.73160 

Paraboloid 

0.0 

Sphere 

33.2 

Hyperboloid 

+28.87170 

1. 7761 

28.6 

Paraboloid 

+78.00000 
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inside  auid  outside  of  the  focal  point  of  the  ellipsoid.  Curves  of  the  decoUima- 
tion  and  offense  against  the  sine -condition  for  three  points  on  the  source  are 
plotted  in  Figures  36  through  45  inclusive.  The  curve  of  Point  B  in  each 
case  represents  the  center  of  the  source,  at  focus,  and  is  the  same  as  shown 
on  Figures  33  and  34.  Curves  A  and  C  represent  the  end  points  of  the  source. 
The  area  between  points  A  and  B  is  the  envelope  of  the  outside  half  of  the 
source,  and  that  between  B  and  C  is  the  envelope  of  the  half  inside  the  focal 
point. 

It  can  be  seen  that  for  System  1315  (Figure  45)  in  which  the  sine -condition 
correction  for  the  center  of  the  source  is  approaching  perfection,  the  values 
at  the  outer  ends  are  varying  quite  rapidly. 

2.  Multiple  Sources  Feeding  a  Single  Collimator 

The  use  of  multiple  sources  and  condensers  to  feed  a  single  large  collimator 
will  invariably  result  in  a  compromise  between  collimation  and  the  advamtage 
of  having  "local  blackout"  protection  through  the  concept  of  each  source  illum¬ 
inating  the  total  area. 

If  perfect  collimation  is  desired,  a  system  such  as  shown  in  Figure  46  can 
be  used,  in  which  the  condensers  1,  2,  3,4  are  oriented  parallel  to  each  other, 
and  each  source  illuminates  only  its  corresponding  area  in  the  chamber.  Fail¬ 
ure  of  a  source  would  cause  a  corresponding  dark  area  in  the  chamber. 

If  each  source  is  to  illuminate  the  total  chamber  area,  then  the  condensers 
must  be  set  at  converging  angles  as  shown  in  Figure  47.  The  images  of  the 
sources  will  then  fall  in  the  same  image  plane  but  will  be  displaced  laterally 
from  each  other,  and  will  form  a  large  combination  image,  which  will  be 
larger  in  proportion  to  the  number  of  sources  and  condensers  employed. 
Through  the  use  of  proper  field  lenses  the  images  of  the  individual  apertures 
of  the  condensers  may  be  made  to  superimpose  at  the  exit  pupil  of  the  large 
collimator,  thus  reinforcing  each  other  at  this  plane.  However,  along  with 
this  advantage  there  must  be  a  significant  increase  in  angular  spread  or 
decollimation.  This  increase  in  decollimation  is  essentially  eqtial  to 
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Fig.  36  Dacollination  at  Exit  Apartura,  Systam  1311 
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Fig.  37  Dvcollimation  at  Exit  Apoftura,  Systam  1312 
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Fig.  39  D*collimation  at  Exit  Aportura,  Systam  1314 
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Fig.  40  Dvcollimotion  at  Exit  Apartwra,  Syctam  1315 
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Fig.  41  OHsnt*  Against  tha  Sin*  Condition  -  Sytlvm  1311 
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Fig.  42  OHans*  Agointt  th*  Sin*  Condition  -  SyslMi  1312 
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Fig.  45  Offms*  Against  tha  Sinn  Condition  -  Sjrstam  1315 


Fig.  46  Parallel  Condansars  With  Large  Collimator 
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Fig.  47  Convwging  Co«d#n»*f»  With  Larg*  Colllwotor 


AEDC>TDR>63-91 


where 

6  =  Angular  convergence  of  condenser  axis 

A  =  Focal  length  of  System  A 
B  =  Focal  length  of  System  B 

Figure  47  shows  the  decollimation  to  be  expected  from  such  an  arrangement. 

Hybrid  combinations  of  such  arrangements  can  be  designed,  in  which  the  rays 
from  parallel-oriented  condensers  are  sent  through  a  main  focus  and  then 
impinge  upon  multiple  mirrors  forming  the  secondary  of  the  collimator.  Each 
of  these  multiple  mirrors  then  forms  a  virtual  image  of  the  single  main  focus 
image,  thus  giving  the  desired  superposition  of  pupils.  The  multiple  sources 
thus  seen  by  the  collimator,  however,  lead  to  the  same  decollimation  that 
would  be  caused  by  converging  condensers. 

3.  Reflecting  versus  Refracting  Elements 

A  study  of  refracting  elements  as  the  main  image -forming  components  of  a 
system  equivalent  to  the  reference  module  (Dwg.  F113749A)  presents  the 
limitation  of  materials  suitable  for  optical  transmission  in  the  0.  2  to  3.0 
micron  region.  Requirements  of  transmittance,  insolubility,  availability 
and  strength,  among  others,  narrow  the  possibilities  to  synthetic  sapphire 
and  fused  quartz.  In  sizes  above  about  seven  inches  in  diameter,  only  fused 
quartz  remains  available. 

The  practical  difficulties  and  cost  of  achromatizing  such  a  system  are  aggra¬ 
vated  by  the  near-parallel  dispersion  of  the  two  materials.  For  instance,  the 
dispersion  numbers,  v,  between  the  limits  of  0.4  and  1.45  microns  is  20.08 
for  synthetic  sapphire  and  18.20  for  fused  quartz.  In  using  these  materials 
to  achieve  an  achromatized  system  having  a  total  positive  power  0  (=  1/E.  F.  L. } 
we  would  go  through  the  following  computations; 

0+  +  0,  =  0 

i±  +  =  0 
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where 

04  =  power  of  positive  (sapphire)  lens 
0.  =  power  of  negative  (quartz)  lens 
V4  =  dispersion  number  of  sapphire  =  20.08 
V.  =  dispersion  number  of  quartz  =  18.20 

in  the  pair  of  simultaneous  linear  algebraic  equations.  Substituting  the  num¬ 
bers  for  v+  and  v_  and  solving  the  equations, 

0+  +  0.  =  0 


=  0 

20.08  18.20 

we  obtain 

0+  =  +10.68  0 
0.  =  -  9.68  0 

It  is  thus  evident  that  to  achromatize  the  system  we  would  need  positive  and 
negative  elements  of  +10.68  and  -9.68  times  the  power  of  a  single  non- 
achromatized  element,  leading  to  very  thick  and  perhaps  even  to  multiple 
sets  of  lenses  to  achieve  the  necessary  power. 

In  addition,  the  sphero-chromatic  aberration  (variation  of  spherical  aberration 
with  wavelength)  that  would  be  introduced  by  these  extremely  powerful  lenses 
wovild  probably  be  even  worse  than  the  original  chromatic  aberration. 

If  in  the  non-achromatized  system  we  consider  the  refracting  element  to  be 
of  Fresnel  form,  that  is,  a  series  of  wedge-prisms  increasing  in  power  in  a 
radial  direction,  the  angular  dispersion  or  decollimation  for  any  wavelength 
region  is  a  function  of  the  f /number  that  the  refracting  element  must  collimate. 
For  instance,  if  the  element  is  made  of  synthetic  sapphire  and  must  collimate 
an  f/1.  0  bundle,  then  this  would  produce  an  angular  spread  of  approximately 
eight  degrees  for  the  wavelength  region  between  0.  2  and  3.  0  microns. 
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4.  Orientation  of  Source 

While  no  final  decision  as  to  lamp  type  has  been  reached,  it  is  here  assumed 
that  a  compact  xenon  arc  will  be  used,  smd  that  this  arc  unit  operates  with  its 
long  axis  in  a  vertical  or  near-vertical  position. 

With  the  condensing  system  and  source  oriented  as  in  Figure  48A,  reference 
to  the  polar  diagram.  Figure  29  shows  that  there  is  very  little  illumination 
in  the  central  70°  cone.  This  is  due  to  the  shadow  of  the  upper  electrode. 

If  one  assumes  a  system  corrected  for  offense  against  the  sine -condition  and 
accepting  2ir  steradians  (a  hemisphere)  of  radiation  from  the  source,  then  the 
70°  cone  represents  a  loss  of  energy  in  the  central  57%  of  the  collimated  output 
diameter,  or  32%  of  the  area. 

This  must  be  filled  in  by  energy  taken  from  the  outer  portion  of  the  hemisphere, 
by  a  system  somewhat  as  shown  in  the  reference  mod\ile. 

Using  a  condenser  oriented  as  shown  in  Figure  48B,  the  solid  cone  of  illumi¬ 
nation  seen  by  the  condenser  is  approximately  110°  in  one  plane  and  180°  in 
the  other  meridian.  There  would  be  blockage  by  the  electrodes  and  the  spherical 
mirror,  and  a  diagonal  mirror  would  have  to  be  added  to  direct  the  energy  down¬ 
ward.  The  module  would  no  longer  be  symmetrical,  atnd  the  area  illuminated 
would  be  rectangular,  but  the  fill-in  requirements  would  be  greatly  reduced. 
Further  study  of  this  scheme  is  indicated. 
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Fig.  48  Orimtotion  of  Sooreo 
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APPENDIX  A 

DOUBLE-MAM  RECORDING  SPECTROPHOTOMETER 


A  schematic  diagram  of  the  apparatus  for  measuring  the  spectral  energy  dis¬ 
tribution  with  a  double  beam  recording  spectrophotometer  is  given  in  Figure 


A-1. 


As  shown  in  Figure  A-1,  the  test  source  and  the  reference  lamp  are  imaged 
on  the  reference  field  slit  and  the  source  field  slit  by  spherical  mirrors 
"A"  and  "D".  Both  the  reference  and  source  field  slits  are  placed  at  the 
focal  length  of  the  monochrotnator  mirrors  "B"  and  "C".  Thus,  mirrors  "B" 
and  "C"  collimate  the  light  coming  from  the  images  at  the  reference  and 
source  field  slits.  The  collimated  light  beams  from  both  the  reference  and 
test  source  are  then  alternately  superimposed  on  the  monochromator  entrance 
slit  by  means  of  the  flip-flop  mirror.  The  beam  entering  the  slit  is  then 
collimated  and  reflected  by  the  monochromator  mirror  to  the  quartz  prism 
where  it  is  dispersed.  The  back  of  the  prism  is  silvered  and  the  dispersed 
light  is  then  reflected  back  to  the  monochromator  mirror  which  in  turn  focuses 
the  dispersed  light  on  the  exit  slit.  The  flat  mirror  then  reflects  the  image  to 
the  energy  detector.  The  energy  detector  alternately  sees  the  reference  lamp 
and  test  source  spectrum  as  the  flip-flop  mirror  continuously  swings  back  and 
forth.  The  reference  lamp  and  test  source  signals  from  the  energy  detector 
are  separated  into  two  channels  by  a  switch  driven  by  the  flip-flop  mirror. 

The  entrance  and  exit  slits  of  the  monochromator  are  mechanically  linked 
together  in  parallel  and  are  both  opened  and  closed  by  a  single  servo-motor. 
That  is,  at  any  given  instant,  both  slits  are  open  to  the  same  width.  The 
servo-motor  is  part  of  a  servo-  loop  which  responds  to  the  output  of  the 
reference  lamp  part  of  the  detector  signal.  The  servo-motor  adjusts  the 
widths  of  the  slits  so  that  the  reference  lamp  output  signal  is  a  constant.  The 
two  signals  from  the  detector  are  then  put  through  a  mixing  circuit,  the  output 
signal  of  which  is  proportional  to  the  ratio  of  the  test  source  signal  to  the 
reference  lamp  signal.  This  ratio  is  then  recorded  as  a  function  of  wavelength. 
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Fig.  A-1  Schamotic  of  Apporotus  for  Moosuring  Spoctnil  Enorgy  Distribution 
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To  calculate  the  intensity  of  the  test  source  from  the  ratio  of  intensities 
measured  by  the  spectrophotometer,  a  photometric  analysis  of  the  light  beams 
of  both  the  reference  lamp  and  test  source  channels  was  made.  The  recorded 
ratio  is  proportional  to  the  ratio  of  the  power -density  per  unit-of-wavelength- 
interval  in  the  collimated  light  beams  that  are  alternately  superimposed  on  the 
entrance  slits  to  the  monochromator. 

The  radiant  power  density  per  unit  wavelength  interval  of  the  collimated  beam, 
Ty,  entering  from  mirror  "B”  (reference  lamp  channel)  is; 


_  RB(^r)i  (-^rH  (^)i 
Afar 


where,  in  accordance  with  Figure  A-1: 


'B 


(Br)i  = 

(By)  = 

(Ay)i  = 

As 

(As)i  = 
(«r)i  = 

(Abr)  = 
db 


Spectral  reflectivity  of  mirror  B  (dimensionless). 

Spectral  reflectivity  of  mirror  A. 

Wavelength  of  the  radiation. 

Brightness  of  the  reference  lamp  image  at  the  reference 
field  slits  (microwatts /(mm^  of  image )(solid  angle) 
(millimicron  of  wavelength  interval  ) . 

Brightness  of  the  reference  lamp  source  (microwatts/ 

(solid  angle)  (mmz  area  of  reference  lamp)  (millimicron 
of  wavelength  interval). 

Area  of  the  reference  lamp  image  passed  by  the  reference 
field  slits  (mm^). 

Area  of  the  test  source  (mm^) 

Area  of  the  image  of  the  test  source  passed  by  the  test 
source  field  slits  (mm*). 

Solid  angle  of  the  reference  lamp  image  subtended  by  mirror 
"B"  (steradians). 

Cross-sectional  area  of  the  collimated  beam  from  reference 
channel. 

Diameter  of  collimated  beam  leaving  mirror  "B". 
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dn  =  Diameter  of  pencil  rays  from  reference  source  image  at 
reference  mirror  "B". 

Of.Gg  =  Angles  as  drawn  on  Figure  A-1. 

Ps>  <ls*  ^rf  Qr>  ~  Dimensions  as  given  on  Figure  A-1. 

The  area  of  the  collimated  beam  is  then: 


Abr 


irdfaZ 

4 


The  brightness  ratio,  rg,  act\ially  determined  by  the  spectrophotometer  can 
be  derived  as  follows; 

db  =  d{2  cos  6r 


(Or),  ■ 


It  can  be  shown  from  the  principles  of  photometry’^  that: 

(Br)j  =  Ra  ®r 

Making  the  above  substitutions  in  the  power  density  equation  we  obtain: 


Tr 


Ra  Br  (Ar)i 
(cos  0r)*  Py* 


’9  Borne,  M. ,  and  Wolf,  E. ,  "Principles  of  Optics,  ■  Pergamon  Press, 
New  York,  1959,  pg.  18,  equation  (22). 
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The  same  analysis  can  be  applied  to  the  test  source  channel,  the  result  of 
which  is: 


_  Rp  (Bb)  (Aa 
®  "  Pg^ (cos  08 


The  ratio  recorded  by  the  spectrophotometer,  rg,  is: 


_  Tj  _  Rp  Bg  (AB)i/P8^  fcOS 
®  Tr  R^Bf  (Ar)j^/Pr*  cos  6r)^ 


The  geometry  and  physical  properties  of  the  optics  are  such  that: 

Rp  =  Ra 

0r  =  0s 

Pr  =  Ps 

Therefore; 


_  (Ag]^ 

B  b”  (a"): 


From  the  definition  of  the  magnification  of  em  image  it  can  be  shown  that 


(Ag)i  =  •^s 
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This  relates  the  image  of  the  source  of  the  field  slits  to  the  actual  test 
source  area.  If  this  equation  is  substituted  in  the  above  equation  for  rg 
we  obtain: 


then: 


Bs  A,  (qs/ps)^ 

(b^)  (Ar)i 


(B«  A,) 


®r  (Ar)j 


2 


The  area  Ag  of  the  test  source  is  difficult  to  measure  exactly  since  A,  is 
not  sharply  defined.  In  any  circumstance,  in  order  to  calculate  the  output  of 
an  optical  system  using  this  spectral  data,  the  Bg  has  to  be  multiplied  by 
Ag. 

Comparison  of  the  product  term  BgAg  with  the  term,  I,  the  intensity  as 
defined  by  Borne  and  Wolf shows  that  they  are  the  same.  The  term  BgAg 
thus  represents  the  power  radiated  per  solid  angle  of  source  per  unit  wave¬ 
length  interval  for  the  entire  source  area. 


*  Ibid:  page  181,  equation  (6). 
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APPENDIX  B 
RADIATION  STABILITY 


The  materials  chosen  for  use  in  the  simulator  must  be  stable  under  the  con¬ 
ditions  of  radiation  existing  during  reactor  tests.  Radiation  is  a  widely  diverse 
category  which  includes,  among  others,  neutrons,  gamma  rays,  electrons, 
protons,  alpha  particles  and  deuterons.  The  energy  of  these  particles  covers 
a  wide  spectrum  of  values.  It  will  be  necessary  to  evaluate  each  problem 
individually;  however,  it  is  first  desirable  to  indicate  the  differences  and 
similarities  of  different  bombardment  particles. 

The  following  is  a  brief  description  of  the  mechanism  by  which  radiation  causes 
optical  defects.  There  are  two  general  means  of  introducing  atomically  dis¬ 
persed,  chemically  different  atoms  into  a  crystalline  solid  by  irradiation; 
first,  the  bombarding  particle  itself  becomes  lodged  in  the  lattice  smd,  sec¬ 
ond,  the  bombarding  particle  causes  atomic  transmutations  by  introducing 
nuclear  reactions.  When  a  fast  particle  traverses  the  lattice  of  a  crystalline 
solid  it  may  lose  energy  by  several  processes  depending  on  the  nature  of  the 
particle  and  its  energy.  Electrons  or  holes  released  during  ionization  nnay 
become  trapped  at  defects  initially  present  in  a  crystal,  or  by  atotnic  defects 
produced  during  the  bombardment.  This  can  lead  to  optical  absorption  in  the 
normally  transparent  region.  Alternatively  the  displaced  atom  may  itself 
give  rise  to  an  observable  absorption  spectrum.  For  the  displacement  of 
atoms,  the  most  important  means  of  energy  loss  is  by  elastic  collisions  with 
atoms  of  the  crystal.  If  in  an  elastic  collision  the  lattice  atom  receives  an 
energy  Ep  in  excess  of  Ed  (the  displacement  energy  or  Wigner  energy),  it  is 
displaced  from  its  normal  lattice  site.  This  process  is  called  the  primary 
process,  i.  e. ,  the  interaction  between  the  incident  energetic  particle  and  the 
lattice  atom  is  the  primary  collision.  If  Ep  >>  Ed,  miiltiple  collisions  occur 
and  a  displacement  cascade  will  result.  The  number  of  displacements  that 
result  from  ?.  single  primary  event  is  a  function  of  the  primary  energy  and  is 
denoted  by  V(Ep).  If  Ep  >>Ed  then  approximately* 


*  Kinchin,  G.  H.  and  Pease,  R.  S. ,  *The  Displacement  of  Atoms  in  Solids 
by  Radiation,  "  Reports  Prog.  Phys.,  18,  1-51  (1955). 
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For  a  given  flux  0(E)  of  incident  radiation  with  energy,  E,  the  number  of 
events  producing  primaries  of  energy  between  Ep  and  Ep  +  dEp  per  unit 
volume  is 


N{Ep)  dEp  =  Na  0(E)  K(E.  Ep)  dEp 

where  K(E,  Ep)  is  the  cross-section  per  unit  energy  and  Na  the  number  of 
lattice  atoms  per  unit  volume. 

If  the  incident  radiation  is  distributed  in  energy,  integration  over  this  energy 
spectrum  gives 

N(Ep)  =  Na  ^  0(E)  K(E.  Ep)  dE 

where  0(E)  is  the  integrated  flux  per  unit  energy  of  the  spectrum. 

To  complete  this  simplified  picture  the  displacement  cross-section,  o’,!,  should 
be  considered. 

p  Ed(max. ) 

(Td  =  ^  K(E,  Ep)dEp 

or 

do-d  =  o-d  Wd  (E,  Ep)  dEp  =  K(E,  Ep)  dEp 

where  Wd(E,  Ep)  is  the  probability  per  unit  energy  that,  given  a  collision, 
the  primary  energy  will  be  Ep. 

The  number  of  primaries  per  unit  volume  per  unit  energy  is 

Np(Ep)  =  Na  0<rd  Wd  (Ep) 

for  a  bombarding  particle  of  single  energy,  and 

Np(Ep)  =  Na  0  (E)s-d  Wd(E,  Ep)dE 
for  the  case  of  incident  flux  distributed  in  energy. 
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The  atomic  displacement  for  various  radiations  will  be  considered  in  terms 
of  the  primary  process. 

a.  Fission  Neutrons 

The  neutrons  emitted  on  fissioning  of  a  atom  are  distributed  in  energy 
from  approximately  0.  5  Mev  to  approximately  10  Mev,  with  an  average 
at  1.5  Mev.  The  scattering  cross-section  cr^  for  fission  neutrons’’'  is  only 
slightly  energy  dependent  and  has  a  value  in  the  range  2  to  4  x  10"^  cm* 
for  most  nuclei.  Hence, 


where  A  is  the  atomic  weight  and  is  1.5  Mev. 

Since  Ng,  is  in  the  range  of  0.  5  to  lx  10**  atoms  per  cubic  cm,  the  mean  free 
path  is  approximately  1  cm;  thus,  it  is  seen  that  primary  displacements  due 
to  a  single  neutron  are  produced  very  far  apart. 

b.  Reactor -Supplied  Neutrons 

The  energy  spectrum  of  neutrons  obtained  from  a  reactor  is  highly  dependent 
upon  the  type  of  reactor  used.  In  a  solid  (graphite)  moderator  reactor  the 
neutron  spectrum  can  be  approximated  by  a  l/E^  distribution  extending  up  to 
fission  energies.  The  situation  is  different  in  a  liquid  or  hydrogenous  moderator 
reactor.  Here,  the  spectrum  is  l/Ej^  with  an  appreciable  fission  "bump*  in 
the  fission  energy  range,  the  magnitude  of  the  bump  amounting  to  as  much 
as  10%  of  the  total  flux.  The  neutron  energy  distribution  from  a  graphite 
reactor  decreases  the  average  primary  energy,  and  neutrons  considerably 
below  fission  energy  contribute  appreciably  to  the  damage  process. 

c.  Heavy  Charged  Particles  (Protons,  Deuterons,  Alpha  Particles,  etc.) 

In  the  investigation  of  radiation  damage  caused  by  heavy  charged  particles,  the 
usual  energy  range  is  from  2  to  20  Mev.  In  this  energy  range  interactions  occur 


Hughes,  D.  J.  and  Schwartz,  R.  B. ,  "Neutron  Cross  Sections,  "  Brookhaven 
National  Labs. ,  Upton,  N.  Y.,  2nd  Ed. ,  BNL-325. 
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between  the  particle  and  a  nucleus  of  the  target  atom  by  Coulombic  repulsion. 
The  displacement  cross-section  is 


p  Ejj(Max) 

o-d  =  \  K(E,  Ep)  dEp 

‘^Ed 


irb^  Ep(max) 
4  Ed 


where  Ep(max)  =  maximum  energy  transferred  in  an  elastic  collision,  and 
b  is  the  closest  distance  of  approach  between  the  charged  particle  and  the 
nucleus . 

For  example,  10  Mev  deuterons  incident  on  copper  have  ird  —  lO*^**  cm^  and 
a  mean  free  path  of  10^  cm,  which  is  much  greater  than  the  range  of  a  pri¬ 
mary.  Therefore,  to  a  good  approximation,  the  lattice  damage  along  the 
track  of  a  10  Mev  neutron  may  be  vistialized  as  small  clumps  of  disorders 
resulting  from  primary  collisions  separated  by  a  distance  of  approximately 
10  microns. 

d.  Electrons  (Relativistic  Range) 

The  simple  Rutherford  scattering  law  used  above  does  not  apply  to  electrons 
with  energy  in  the  Mev  range.  Because  of  the  very  small  mass  relative  to  the 
other  charged  particles  the  energy  needed  for  producing  displacements  corre¬ 
sponds  to  relativistic  velocities  and  the  equations  governing  energy  transfer 
need  modification  to  include  this  fact. 

The  modification  is  in  the  value  Ep(max)  which  for  electron  energies  is 
E0<  <  Mc^  (M  is  the  mass  of  the  target  atom): 


Ep(msuc) 


2(E^  4  E, 

M?  ' 


where  Mg  is  the  rest  mass  of  the  electron  and  c  is  the  velocity  of  light. 

For  high  electron  energies  (Ee  >  >  may  be  shown*  that  the  displace¬ 

ment  cross-section  o*,!  is  approxinuitely 


*  Seitz,  F.  and  Koehler, 
Solid  State  Physics,  Z, 


J.  S . ,  "Displacement  of  Atoms  During  Irradiation, " 
N.  Y.:  Academic  Press,  1945,  pp.  305-448. 
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Ep(max) 
4  Ed 


where  I  =  b 


/T1 


and  the  target  atom. 


and  V  is  the  relative  velocity  of  the  incident  electron 


e.  Photons  (Gamma  Rays) 

Photons  (in  the  Mev  range)  are  capable  of  displacing  atoms  in  solids  .‘i’  There 
are  several  ways  by  which  a  photon  may  transfer  energy  to  a  lattice: 


1.  A  direct  Compton  event  on  the  nucleus. 

2.  A  photonuclear  reaction. 

3.  Indirect  interaction  via  an  energetic  photoelectron. 

4.  Indirect  interaction  via  the  components  of  pairs  (electron -position). 

5.  Indirect  interaction  via  energetic  Compton  electrons. 


The  indirect  processes  are  potentially  more  important  than  the  first  two  items 
for  energies  of  readily  available  gamnxa  rays.  For  a  given  gamma  ray  energy 
E'y  the  pair  production  cross-section  o-pp  is  proportional  to  of  the  absorbing 
material  (Z  =  atomic  number),  rising  from  zero  at  E^  =  1.02  Mev  to  appreci¬ 
able  values  (o-pp  —  10**^  cm*)  for  atoms  of  intermediate  Z  at  E'y  —  5  Mev. 

In  contrast  to  the  pair  production  process,  low  energy  photons  favor  photo¬ 
electric  production.  The  cross-section  for  K-electron  ejection  starts  at  a 
maximum  of  E-y  =  Iki  the  K-electron  binding  energy,  and  decreases  mon- 
atomically  according  to  E-y^^*  for  increasing  E^.  For  a  given  Ey,  o-j^  is  pro¬ 
portional  to  Z’  for  the  atom  in  question.  Hence,  for  high  Z  atoms,  (rh  may 
have  appreciable  values  for  Ey  ?  1  Mev. 

Situated  between  the  pair  production  range  and  the  photoelectric  range  is  the 
domain  of  Compton  scattering.  For  gamma  rays  in  the  range  of  1  to  2  Mev 
and  for  Z  <  40  this  is  the  much  more  important  process. 


*  McKinley,  W.  A.  and  Feshbach,  H. ,  "The  Coulomb  Scattering  of  Relativis¬ 
tic  Electrons  by  Nuclei,  ■  Phys.  Rev. ,  74,  No.  12,  1759-63  (1948). 
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The  displacement  cascade  following  the  primary  process  is  extremely  impor¬ 
tant  to  the  determination  of  the  total  number  of  lattice  defects  by  neutrons, 
protons,  deuterons  and  alpha  particles.  This  cascade  is  initiated  by  the  pri¬ 
mary  recoil  through  secondary  collision  with  the  lattice  atoms.  The  distance 
of  closest  approach,  b,  is  the  factor  that  determines  the  scattering  event. 

When  b  <  <  a  (a  is  the  Bohr  radius  of  a  hydrogen  atom),  as  is  the  case  for 
energetic  light  particle  collisions  in  which  £p  ?  £(|,  there  is  virtually  no 
screening  and  the  Rutherford  scattering  law  holds.  When  b  >  >  a,  the  screen¬ 
ing  is  almost  complete  and  scattering  is  essentially  of  the  hard  sphere  type, 
with  b(Ep)  acting  as  the  hard  sphere  radius.  In  the  intermediate  range  where 
b  ^  a,  the  scattering  law  leads  to  a  distribution  of  transferred  energies  which 
lie  intermediately  between  the  l/£^  distribution  of  the  Rutherford  law  and  the 
uniform  distribution  of  the  hard  sphere  scattering. 

f.  Effect  of  Lattice  Defects  on  Properties  of  Solids 

The  term  "radiation  damage*  implies  damage  to  the  crystalline  lattice  of  a 
solid;  the  physical  evidence  of  such  a  process  must  manifest  itself  in  those 
properties  which  are  more  sensitive  to  lattice  perfection.  Defects  or  imper¬ 
fections  in  solids  are  usually  defined  with  respect  to  the  ideal  of  a  perfect 
infinite  array  of  lattice  points,  i.e. ,  a  crystal  whose  structure  is  perfectly 
periodic.  On  this  basis  any  transient  interruption  of  periodicity  such  as  lattice 
vibrations,  the  potential  field  of  a  conduction  electron  in  a  polar  crystal,  etc. , 
may  be  considered  a  lattice  imperfection. 

The  basic  structural  defects  are  point  defects  and  dislocations.  The  point 
defects  include  lattice  vacancies,  interstitial  atoms  and  impurity  atoms  (taking 
the  place  of  an  atom  in  the  solids,  or  situated  inter stitially).  Around  such  a 
defect  the  ideal  structure  of  the  lattice  is  perturbed  for  several  lattice  dis¬ 
tances.  A  dislocation  is  essentially  a  linear  defect  around  which  the  lattice 
is  disturbed  only  a  few  lattice  distances  radieQ  to  the  dislocation  line.  This 
linear  imperfection  may  either  follow  a  closed  path  within  the  crystal  or  extend 
to  an  end  at  the  surface. 

Point  defects  give  rise  to  density  changes  and  also  affect  the  plastic  behavior 
of  the  crystal.  These  defects  scatter  lattice  waves  (phonons)  thereby  causing 
a  decrease  in  thermal  conductivity  and  have  a  measurable  influence  on  the 
specific  heat.  Because  the  electric  potential  of  the  cryst9tl  is  altered  in  their 
vicinity,  point  defects  act  as  electron- scattering  centers  and  therefore  increase 
resistivity  in  metal.  The  alteration  of  crystal  potential  at  the  site  of  the  defect 
usually  results  in  the  introduction  of  localized  electronic  states  which,  though 
of  little  importance  in  most  metals,  have  extensive  consequences  in  ins\ilating 
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crystals  and  most  semiconductors.  Optical  absorption  bands,  luminescence, 
photoconductivity,  and  acceptor  and  donar  states  are  all  manifestations  of  the 
role  that  point  imperfections  play  in  influencing  the  electronic  behavior  in 
non-metals. 

Line  defects  or  a  dislocation  may  be  described  as  a  line  irregularity  which 
is  able  to  move  under  stress  far  below  the  yield  stress  of  the  perfect  crystal 
and  whose  motion  leads  to  plastic  deformation.  The  yield  stress  in  the  vicinity 
of  a  dislocation  line  is  drasticadly  reduced. 

g.  Neutron-Induced  Optical  Defects  in  Sapphire  (A1203) 

Sapphire  contains  color  bands  which  exist  before  irradiation.  These  bands 
peak  at  5.45  ev  and  at  4.85  ev,  and  have  full  widths,  U,  and  half  maximum 
intensity,  of  0.6  ev  and  0.54  ev  respectively.  Since  wavelength,  in  ang¬ 
stroms,  =  12,  395/ev,  these  bands  are  located  at: 

Peak(A)  Half-Power  Points  (A) 

2274  2156,  2407 

2556  2421,  2706 

Additional  color  centers  are  created  by  neutron  and  gamma  ray  flux.  If 
sapphire  is  irradiated  by  gamma  rays  on  the  order  of  3  x  lO^r,  additional 
bands  appear  at  5.45  ev,  U  -  1.25  ev;  3.08  ev,  U  =  1.5  ev;  4.28  ev, 

U  -  0.70  ev.  These  are  located  at: 


Peak(A) 

Half -Power  Points  (A) 

2274 

2040,  2569 

4024 

3236,  5320 

2896 

2677,  3154 

These  defects  may  be  removed  by  annealing;  the  amount  of  color  removed  is 
proportional  to  the  total  annealing  time.  Roughly  90%  of  the  color  centers 
produced  anneal  out  immediately  at  room  temperature. 
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The  color  centers  created  by  neutrons  are  located  at: 


Peak  _ Half-Power  Points 

ev  A  ev  A 


6.02 

2059 

6.32 

5.72 

1961 

2167 

5.35 

2317 

5.  55 

5.-15 

2233 

2407 

4.85 

2556 

5.  12 

4.58 

2421 

2706 

4.21 

2944 

4.61 

3.81 

2689 

3253 

3.74 

3314 

4.  18 

3.  30 

2965 

3756 

2.64 

4695 

2.96 

2.32 

4188 

5343 

2.00 

6198 

2.22 

1.78 

5583 

6963 

To  quantitatively  indicate  the  change  in  external  transmittance  that  will  result 
from  a  specified  neutron  and  gamma  flux  for  a  given  time,  the  following  analy¬ 
sis  is  made; 

Table  III  defines  the  nuclear  radiation  flux  impingent  on  the  chamber  waJl, 
emanating  from  the  epithermal,  fast,and  advanced  fast  reactors  which  may  be 
present  in  the  test  vehicles. 

All  the  neutrons  above  0.  1  Mev  can  be  considered  to  produce  damage  and  an 
average  value  of  1  Mev  is  appropriate.  Those  neutrons  below  0. 1  Mev  will 
be  discarded  since  the  damage  they  contribute  is  less  than  1%.  Hence  for 
each  reactor  the  pertinent  resultant  flux  is: 

Epithermal: 

40  X  (10‘  n/cm*-sec) 

130 

68 

99 

120 

457  or  4.  57  x  10*  n/cm*-sec 
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Fast; 

79  X  (10*  n/cm^-sec) 

230 

93 

190 

240 

832  or  8.32  x  10®  n/cm^-sec 

Advanced  Fast; 

39  X  (10*  n/cm^-sec) 

140 

50 

no 

180 

519  or  5.  19  x  10®  n/cm^-sec 

Employing  Smakula's  equation,  we  are  able  to  relate  the  number  of  color 
centers  created  by  neutron  irradiation  to  observed  optical  absorption.  Thus 
it  is  possible  to  quantitatively  indicate  the  magnitude  of  absorption  peaks  pro¬ 
duced  by  a  given  flux  in  a  given  time. 

The  data  used  are  obtained  from  a  paper*  by  Paul  W.  Levy  of  Brookhaven 
National  Laboratory  and  apply  at  room  temperature.  The  procedure  described 
here  was  suggested  by  Dr.  Levy. 

As  an  example,  consider  the  epithermal  reactor  whose  flux  is  4.57  x  10® 
n/cm®-sec  for  a  maximum  time  of  20  hrs.  The  number  of  color  centers  as 
given  by  Smakula's  equation  is: 

Ni  =  (Noi  -  Ki/fi)  (1  -  +  KiT 


*  Levy,  P.  W.  ,  "Color  Centers  and  Radiation-Induced  Defects  in  AI2O3,  " 
Phys.  Rev. ,  123,  No.  4,  1226-33  (1961). 
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where 

Nqj  is  in  units  of  color  centers/cm* 

fj  is  in  units  of  fraction  of  uncolored  centers  colored/hr. 
Kj  is  in  units  of  uncolored  centers/cna^  formed  per  sec. 
r  is  time  in  hours 


To  determine  how  the  band  at  6.  02  ev  (2059  A)  varies  with  flux  and  time  we 
have: 

Ni  =  (5.  39  X  10‘*  -  1. 33  X  10*^  x  3600)  (1  -  e 

.  267 

+  (1. 33  X  10‘*  X  72000) 


therefore  =  1.315  x  10*^. 

Since  the  above  data  were  measured  at  a  flux  level  of  10^^  n/cm^-sec,  the 
must  be  corrected  by  a  factor  of  10‘*/4.  57  x  10®  =  2.  2  x  10*.  Therefore  the 
new  is 


1.315  X  10*^ 
2.2  X  lOj 


6.  03  X  10** 


The  relationship  between  the  number  of  color  centers  and  the  peak  absorption 
point  (expressed  in  cm"*)  is 

Ni  =  0.87x10*’  -  (-r-VzF" 

where 

n  =  index  of  refraction 
U  =  full  width  of  band  at  half  max.  (ev) 
am  =  absorption  at  peak  of  band  (cm"*) 
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If  we  assume  n  =  1.7,  then  Nj  =  6.  2  x  10*®  Uqjj^.  Hence  for  the  6.  02  ev 
band,  U  =  0.  6  ev.  Solving  for  a^,  we  have 


6.03  X  10*®  , 

"  (6.2  X  10*®) 


5.84  X  lO'®  cm'*. 


The  am  is  related  to  the  external  transmittance  (t)  by  the  relationship: 


where  -7-  is  the  ratio  of  transmitted  to  incident  radiation 
Ifl 


h.  Gamma-Ray  Induced  Optical  Defects  in  Sapphire  (Al20a) 

Color  centers  are  also  created  by  gamma-rays  (y).  Irradiation  of  3  x  10*  r 
produces  saturation  (in  AI2O3)  of  the  gamma-ray  induced  bands  which  occur 
at  Eo  =  5. 45  ev,  U  =  1 . 25  ev;  Eo  =  3.  08  ev,  U  =  1.50  ev.  In  each  reactor 
the  photon  flux  is  sufficient  to  reach  this  saturation  level  of  3  x  10*r,  if  we 
consider  20  hours  as  the  time  of  exposure.  The  conversion  of  gamma-ray 
quanta  to  roetgens  is  given  by: 

2  x  10®  V  quanta  _  . 

E(Mev)  ^ 

therefore  for  the  epithermal  reactor  we  have 

.2  x  1 0*r  at  1 0  Mev 
,4  X  1 0*r  at  8  Mev 
,  54  X  10*r  at  5.  5  Mev 
9.2  X  1 0*r  at  3 . 5  Mev 
or  a  total  of 

1.  03  X  10*r 
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From  the  curves* **  of  gamma-ray  induced  coloring,  the  changes  in  optical 
density  (D),  at  the  peaks,  for  the  two  bands  are  0.  1  at  5.45  ev  and  0.  08  at 
3.  05  ev.  This  corresponds  to  a  change  in  external  transmittance  of  26.  6% 
at  5.  45  ev  (2274  A)  and  21%  at  3.  08  ev  (4024  A).  The  relationship  used  to 

arrive  at  the  above  figures  is  D  =  logxo  (^)  where  t  is  the  external  trans¬ 
mittance. 

Fortiuiately,  the  color  bands  may  be  removed  by  thermal  bleaching.  The 
color  removed  is  proportional  to  the  total  annealing  time.  However,  after 
annealing,  color  bands  may  be  reintroduced  by  additional  radiation. 

Bleaching  at  1800°C  for  five  hours  will  remove  the  color  bands.  Since  neither 
the  equilibrium  temperature  of  the  windows  nor  the  minimum  annealing  tem¬ 
perature  are  known,  it  is  recommended  that  these  factors  be  the  subject  of 
investigation  when  a  breadboard  module  is  constructed. 

i.  Radiation  -  Induced  Optical  Defects  in  Fused  Silica 

In  the  spectral  range  of  2000  A  to  8000  A  various  absorption  bands  are  created 
by  irradiation.  There  are  two  broad  overlapping  visible  bands,  Aj  and  A2, 
at  6200  A  (2  ev)  and  4500  A  (2.75  ev),  respectively.  Another  two  absorption 
bands  appear  at  3023  A  (4,  1  ev)  and  at  2430  A  (5.  1  ev)  and  are  denoted  as  Bi 
and  B2,  respectively.  A  single  absorption  band  (C)  also  appears  at  2140  A 
(5,  8  ev).  Studies  of  the  visible  bands  reveetl  that  the  A  and  B  absorption 
regions  are  variable  from  specimen  to  specimen  and  are  completely  bleached 
out  by  prolonged  neutron  bombardment  >  10*’  n/cm*.  The  A  band  is  attributed 
to  an  aluminum  impurity  in  the  quartz  since  Brown  and  Thomas’<*found  no  A 
band  discoloration  in  high  purity  synthetic  alpha  quartz  crystals.  The  C  band 
is  found  to  increase  linearly  with  increasing  neutron  exposure  etnd  is  therefore 
attributed  to  radiation-produced  lattice  defects.  Optical  bleaching  (which  re¬ 
moves  electrons  and  holes  from  lattice  defects)  of  the  C  band  is  possible  if 
the  material  is  illuminated  with  the  wavelength  absorbed,  even  in  the  purest 
substances.  A  preferential  optical  and  thermal  bleaching  (which  removes  the 


*  Levy,  P.  W. ,  "Color  Centers  and  Radiation -Induced  Defects  in  AI2O3,  " 
Phys.  Rev.,  123,  No.  4,  1226-33  (1961). 

**  Brown,  C.  S.  and  Thomas,  L.  A. ,  "Response  of  Synthetic  Quartz  to  X-Ray 
Irradiation,  "  Nature,  169,  35-6  (1952). 
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defects  themselves)  is  observed  at  2300  A  (5.4  ev)  during  the  early  stages  of 
the  bleaching  of  neutron-irradiated  specimens.  The  time  required  for  thermal 
bleaching  depends  on  the  temperature,  bleaching  being  completed  at  500°C. 

It  has  been  shown  that  in  neutron  irradiated  alpha  quartz  the  index  of  refrac¬ 
tion  decreased  from  1.  550  to  1.470  at  saturation.  The  flux  for  this  case 
was  10*’  n/cm^. 

Whittles  O',  et  al,  showed  that  prolonged  neutron  exposure  of  approximately 
5  x  10^°  n/cm^  caused  the  density  to  approach  a  limiting  value  of  2.  26  grams 
per  cubic  centimeter,  while  at  3  x  10*’  n/cm^  a  1%  change  in  density  was 
observed. 

Further  investigation  of  the  thermal  bleaching  of  fused  silica  is  continuing  at 
Brookhaven  National  Laboratory,  and  reports  are  expected  early  in  1962. 

Dr.  Levy  at  Brookhaven  has  stated  that  the  radiation  and  bleaching  data  for 
fused  silica  are  basically  similar  to  those  for  sapphire. 


<9  Whittles,  M.  and  Sherrill,  F.  A.,  "Radiation  Damage  in  SiO,  Structures,  ■ 
Phys.  Rev. ,  93,  No.  5,  1117-8  (1954), 
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